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Preface

This book is the first revision of the one I boldly began writ-
ing in 1972, when T had lived in California for just two years.
Writing it was my way of getting to know a fish fauna that
was a mixture of familiar and unfamiliar elements. The fa-
miliar parts were introduced fishes, most of them native to
the eastern part of this country, where I had received train-
ing as a fish biologist. The unfamiliar parts were native
fishes, most of them occurring only in California. The first
edition was published in 1976, and its principal message was
that we knew astonishingly little about many of the fishes,
especially native fishes. Since that time, I have been collect-
ing information to fill in knowledge gaps and to correct er-
rors in the first edition. The job is far from finished, but,
given the precarious state of the native fishes, I thought it
important to summarize once again what we know about
them. I sometimes wonder if complete accounts of the sys-
tematics and natural history of many native fishes can be
completed before they go extinct. Species accounts for sev-
eral fishes are already obituaries, and others may become so
in the near future. I can only hope that the information pro-
vided in this book will help to reduce the loss of our native
fishes. At the same time, managing the altered aquatic
ecosystems of California requires knowledge of the alien
fishes that now dominate many of them, including favorite
sport fishes. The adaptations of alien fishes to the Califor-
nia environment and their impact on native fishes is there-
fore also a major theme,

The species accounts are the most important part of this
book. They are preceded by chapters providing overviews of
the distribution, ecology, and conservation of the fishes, fol-
lowed by a key to make identification easier. Each species ac-
count is organized as follows:

Common name, Scientific name
Identification
Taxonomy
Names
Distribution
Life history
Habitat
Nonbreeding behavior
Feeding habits
Age and growth
Reproduction
Early life history
Status
Rating
Abundance
Management
References

Identification This is not a complete species description
but a compilation of features useful for separating the
species from other California fishes. Terminology is defined
in the introduction to the key.

Taxonomy This section is especially important for species
for which there is controversy or uncertainty about system-
atics or that have a confusing taxonomic history. It is used
to discuss advances in our understanding of the systematics
of the species. Minor questions of name changes or long-
settled taxonomic questions are usually mentioned in the
Names section of each species account.

Names The common and scientific names used here, with
a few exceptions, are from the American Fisheries Society’s

ix
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Figure 1. Symbols used on distribution maps to indicate distribution, status, and life style of each fish species.

1990 List of Common and Scientific Names of Fishes from the
United States and Canada. The origins of the scientific
names come from many sources, but most frequently from
Jordan and Evermann (1896).

Distribution This section describes the distribution of each
species, focusing on California. The distribution maps pro-
vided are designed only to give a general idea of the distri-
bution of each species, not site-specific information (Fig.1).
Larger distribution maps for each species are available
through the Information Center for the Environment at the
University of California, Davis (http:// ice.ucdavis.edu).
Even these maps should be regarded as snapshots of the
present distribution of each species, because distributions
are changing constantly, as the landscape changes under hu-
man influence, native species decline and introduced
species expand.

Life history Much of the information on the habits of Cali-
fornia fishes is hidden in the “gray literature” of unpublished
theses and reports. I have tried to be as comprehensive as
possible, but no doubt I have overlooked some of these im-
portant sources of information. (If you are aware of adocu-
ment I have missed containing useful tidbits, please send me
a copy. Maybe I can use the information in the next edition!)
Life history information that is not referenced is based on
unpublished data or observations of my own.

Status In this section, I rate the status of each species in the

state and then discuss abundance trends and management
needs. My rating system is as follows:

X PREFACE

1. Native species

A. Extinct/extirpated. The species is gone from Califor-
nia (extirpated) or gone from the planet (globally extinct).

B. Threatened or endangered. The species is likely to be-
come extinct or extirpated in the near future (<25 years) un-
less steps are taken to save it. An endangered species is ona
more rapid path to extinction than a threatened species.
Most of these species are formally listed by either the state
or the federal government; some are not (but probably
should be). The formal status of each threatened species is
given in the account.

C. Special concern. The species is in decline or has a very
limited distribution, so special management is needed to
keep it from becoming threatened or endangered.

D. Watch list. The species appears to be declining but is
not yet in serious trouble. Its populations must be moni-
tored to see if special protective action is necessary.

E. Stable or increasing. The species is abundant or in-
creasing in population.

1§. Alien species

A. Extirpated in California. The species was once estab-
lished but the introduction failed. These species are men-
tioned only in family accounts.

B. Small, highly localized populations. The species is es-
tablished in just a handful of localities and is stable or de-
clining in numbers.

C. Localized likely to become more widespread or already
widespread but not abundant in most areas. Alternately, it
may be fairly common but is declining. The species is usu-
ally a recent introduction and is just starting to expand its

range, or it is a long-established species that is only region-
ally abundant.

D. Widespread and stable. The species is widely distrib-
uted but seems to have reached the limits of its range. Pre-
sumably such species are integrated into local ecosystems.

E. Widespread and expanding. These fish are aggressive
invaders that are still expanding their range to all suitable
habitats in the state.

Incorporated into each Status section are opinions, usu-
ally my own, on the management needs of each species. You
will note that T have a strong bias in favor of native fishes
over alien fishes.

References Inthe species accounts, the references are num-
bered and listed for the most part in the order in which they
are cited in the text, by author and date, in an effort to save
space and make the text more readable. Thus a listing like
“3, Rutter 1908” is a citation near the beginning of an ac-
count, with a more complete citation to be found in the Ref-
erences section at the end of the book.

Terminology The classification system used follows the
fourth edition of Moyle and Cech ( 2000), which in turn fol-
lows mostly Nelson (1994). The result is a fairly major re-
ordering from the first edition. The terminology used to de-
scribe all aspects of fish biology is also based on Moyle and
Cech (2000), reflecting new understanding of various as-
pects of ichthyology. For example, I use the term shoaling
where most American biologists would use the word school-
ing. I reserve schooling as the word referring to aggregations
of fishes (shoals) that are polarized and swimming in syn-
chrony (schools).

To improve readability, scientific names of resident Cal-
ifornia species are in most cases used just twice: once in the
key and once in the account of the species. The common
names are in any case increasingly more stable through time
than the scientific names.

The word lake in this book is reserved for true lakes and
is not used to refer to reservoirs, no matter what the agen-
cies who build reservoirs call them. This usage is consistent
and reflects the fact that reservoirs are very different eco-
logically from natural lakes.

T use the term amphidromous to describe the basic life
history of coastal sculpins that live and spawn in streams

but have larvae that rear in an estuary (Moyle and Cech
2000).

Abbreviations Some common abbreviations found in the
book, referring to agencies, are as follows:

BLM, Bureau of Land Management

CDFG, California Department of Fish and Game
DWR, California Department of Water Resources
NMES, National Marine Fisheries Service

TNGC, The Nature Conservancy

USES, U.S. Forest Service

USEWS, U.S. Fish and Wildlife Service

USGS, U.S. Geological Survey

For length designations, the following abbreviations are
used: SL, standard length; TL, total length; FL, fork length.
All are defined in the introduction to the key in the Identi-
fication chapter.

Hlustrations Most of the pen and ink drawings in this book
are copyrighted by the artist, Chris M. van Dyck. These
drawings are available to be used for nonprofit purposes at
no cost by members of the American Fisheries Society and
others, provided a request is made in writing to the author
and the artist (1123 Kerria Avenue, McAllen, TX 78501).
Other uses should be arranged with the artist.
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Distribution Patterns

The highly endemic fish fauna of California is scattered
through a diverse landscape with an incredibly complicated
geologic history. Present zoogeographic patterns must be
regarded as snapshots in time of a fauna that has shifted
about through the millennia in response to geologic and cli-
matic events. Major events such as volcanic eruptions,
earthquakes, and movements of the earth’s crust have al-
tered entire drainage systems, creating or destroying
streams, lakes, and estuaries. Fluctuations in climate have
caused streams to flow or not flow; lakes to fill in, dry up, or
overflow; and sea level to rise and fall, alternately separating
and connecting nearby coastal drainages.

Complicating our understanding of distribution patterns
is the fact that California is a tough place for a freshwater fish
species to persist through time. Local and regional extinc-
tions have probably been common, especially in the past
10,000 years as the postglacial climate became drier. As a re-
sult, the state contains only about 66 native freshwater, estu-
arine, or anadromous species within its huge area (Table 1).
On the other hand, the frequency with which populations of
fish become isolated through natural events promotes cre-
ation of new species. The faunal count is nearly doubled
when incipient species are counted: subspecies, marine
fishes that enter fresh water on an irregular basis, and dis-
tinctive runs of anadromous species. In particular, migra-
tory species such as threespine stickleback; river lamprey,
and rainbow trout generate numerous isolated populations
of nonmigratory forms in upstream areas, which often be-
have as distinct species. In recent years, natural speciation
processes have been overwhelmed by a combination of water
diversions, habitat alterations, introduced species, and cli-
mate change. Massive, human-caused changes to the water-
scape occurred before the fish fauna was well documented,
adding another level of confusion to the zoogeographic
patterns, Nevertheless, figuring out why each native species
lives where it does remains a fascinating exercise.

California contains all or part of six ichthyological
provinces: Klamath, North Coast, Great Basin, Sacra-
mento-San Joaquin, South Coast, and Colorado River (Fig.
2). Each province contains a group of endemic species,
demonstrating long isolation. All can be further divided
into subprovinces that contain one or more endemic species
or subspecies. Each fauna is a mixture of species that arrived
in the province by different means (Moyle and Cech 2000).

Euryhaline marine species are fishes that enter the lower
reaches of streams from the ocean. A freshwater sojourn is
not essential for these species to complete their life cycles.
Usually the individuals that move into fresh water are juve-
niles. Examples include starry flounder, staghorn sculpin,
and shiner perch.

Saltwater dispersants are species that spend much of
their life history in fresh water but either can move through
salt water themselves or have immediate ancestors that did
so. Thus their distribution patterns are explained in part by
movements through the ocean. All species of this type in
California are anadromous or had ancestors that were
anadromous. Examples include rainbow trout, threespine
stickleback, chinook salmon, and all lampreys.

Freshwater dispersants are species that arrived at their
present locations by freshwater routes or evolved in place
from a distant marine ancestor. They are incapable of mov-
ing long distances through salt water. Thus they have to col-
onize new areas by moving through streams, and this may
not be possible until a mountain range erodes to connect
two drainages or until sea level falls, allowing streams to be-
come connected on a coastal plain. Most of California’s en-
demic fishes are freshwater dispersants, including all the
minnows (Cyprinidae) and suckers (Catostomidae). Some
freshwater dispersant species, such as tule perch and riffle
sculpin, are members of families that contain mostly salt-
water dispersants, but their own distribution patterns re-
flect dispersal entirely through fresh water.
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Table 1

Native Fishes of the Inland Waters of California

Species

Pacific lamprey
Pit-Klamath brook lamprey
River lamprey
Kern brook lamprey
Western brook lamprey
Klamath River lamprey
‘White sturgeon
Green sturgeon
Tui chub
Thicktail chub
Blue chub
Arroyo chub
Bonytail
Lahontan redside
Hitch
California roach
Sacramento blackfish
Sacramento splittail
Clear Lake splittail
Hardhead
Sacramento pikeminnow
Colorado pikeminnow
Speckled dace
Mountain sucker
Santa Ana sucker
Sacramento sucker
Modoc sucker
Tahoe sucker
Owens sucker
Klamath largescale sucker
Klamath smallscale sucker
Lost River sucker
Shortnose sucker
Razorback sucker
Flannelmouth sucker
Delta smelt
Longfin smelt
Eulachon
Coho salmon
Chinook salmon
Pink salmon
Chum salmon
Rainbow trout
Cutthroat trout
Bull trout
Striped mullet
Topsmelt
California killifish
Desert pupfish
Owens pupfish
Amargosa pupfish
Salt Creek pupfish
Threespine stickleback
Prickly sculpin

DISTRIBUTION PATTERNS

Life style? Regions® Status®
AN, F KL, NG, SG, S 1B, 1C
F SJ 1D
AN KL, NG, ST D
F N 1C
F KL, NC, SC, §J D
E KL D
AN KL, NG, §J IE
AN KL,NC, §] iC
F GB, KL, S] IA-1E
E SJ TA
F KL 1C
F GB*, SC 1C
F CL 1A
F GB, SJ* 1E
E SC*, S] I1C-ID
F SC*, SJ,NC IB-IE
F GB*, SC*, S} IE
E,F SJ 1B
EF SJ IA
F SJ D
F NC*, §], SC* IE
F CL 1A
EF GB, X1, NC, SC, S] IB-1E
F GB, SJ* D
F SC 1B
F SC*, SJ, NC 1E
F SJ 1B
E GB 1E
F GB, SC* D

F KL ic
EF XL 1IE
E KL 1B
F KL B

- F KL 1B
F CL 1A
E SJ 1B
E NG, S 1C
AN KL, NC IC
AN KL, NC IA-1B
AN KL, NG, §J IB-ID
AN KL, NG, ST 1A
AN KL, NG, S§] IA-IB
AN, F GB, XL, NG, SC, §] 1B-1IE
AN, F GB, XL, NC IB-IC
F SJ 1A
E SC 1IE
E NG, SG, SJ IE
E SC 1E
E GB 1B
F GB 1B.
F GB 1B
F GB IC
AN, E, E GB*, KL, NC, SC, §) IB-1E
AM,E, F K1, NC, SC, S] 1IE

Table 1 (Continued)

Species Life style? Regions® Status®
Coastrange sculpin AM KL, NC, SC IE
Riffle sculpin F NG, §J IE
Pit sculpin F ST 1IE
Reticulate sculpin F KL 1C
Marbled sculpin P KL, S ID-IE
Patute sculpin F GB IE
Rough sculpin F N} IC
Sacramento perch F GB*, KL*, S] (@
Tule perch ET NG, §J IC-IE
Shiner perch E NG, SC, §] 1IE
Tidewater goby E SC, SI,NC 1B
Longjaw mudsucker E CL*, SC, ST 1IE
Starry flounder E NG, SC, SJ 1E

water resident.

introduced rather than native.
For codes, see the Preface.

In the sections that follow, explanations of distribution
patterns are based in large part on the detailed study of
Minckley et al. (1986), which in turn owes a debt to the work
of Robert R. Miller and Carl L. Hubbs, who spent years
wandering about the West collecting fishes and inspecting
streams, lakes, and land forms (Hubbs and Miller 1948;
Miller 1948, 1961b, 1965, 1981; Hubbs et al. 1974; Miller et
al. 1991).

Klamath Province

The Klamath Province has three distinct subprovinces in
California: (1) the upper Klamath River basin above Kla-
math Falls, including the Lost River; (2) the Klamath River
below the falls, including the Trinity River; and (3) the
Rogue River, represented by only a few tributary headwaters
in the state, In addition, for convenience, I include a large
area (1d in Fig. 2) in this province that is largely covered
with old lava flows and was historically fishless. Including
Rogue River fishes, there are only 30 native species in the
province, 8 of them endemic (10, if those shared with the
Pit River are counted) (Table 2). Fish faunas of the upper
and lower Klamath Subprovinces are surprisingly distinct
from one another, presumably because the connection be-
tween the two regions is geologically recent and because
their major habitats are quite different. The upper Klamath
Subprovince is dominated by large, shallow lakes and slug-
8ish rivers, whereas the lower subprovince is dominated by

Note: Only species that occur in fresh or brackish water on a regular basis are included.
“Abbreviations: AM, amphidromous; AN, anadromous; E, estuarine resident; E fresh-

bAbbreviations: CL, Colorado; GB, Great Basin; KL, Klamath; NC, North Coast; SC, South
Coast; §J, Sacramento-San Joaquin, An asterisk after the basin indicates that the species is

large, ‘swift rivers mostly confined between steep canyon
walls. The importance of habitat is indicated by the fact
that,'when Iron Gate Dam was built across the lower Kla-
math River, the reservoir created was colonized by
lake-dwelling fishes from the upper basin. Historically, the
two provinces were connected by movement of anadro-

mous salmon and steelhead into the tributaries to the large
lakes.

Upper Klamath Subprovince The native fish fauna (15
species) of the Upper Klamath Subprovince consists prima-
rily of freshwater dispersants (12 species), most having their
closest relatives in the Great Basin, This reflects the complex
geologic history of the region, in which a large river (the an-
cestor of the Snake River, now a tributary to the Columbia
River) originating in Idaho flowed into the ocean in the Kla-
math region during the Eocene period and again during the
Pliocene period (Aalto et al. 1998). Some of the species in
the subprovince have related species in the Pit River of the
neighboring Sacramento watershed, indicating ancient past
connections as well. In addition, three of the species are salt-
water dispersants that could have invaded at almost any
time. The fishes belong to just five families—Catostomidae,
Cyprinidae, Cottidae, Salmonidae, and Petromyzontidae—
and each species has its own affinities to fishes of other
provinces. '
The suckers (Catostomidae) consist of three endemic
species (shortnose sucker, Lost River sucker, and Klamath
largescale sucker) usually placed in three different genera

KLAMATH PROVINCE 3
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6b - Salton Sea Subprovince
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Figure 2. Map of California showing major zoogeographic subdivisions.
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(Chasmistes, Deltistes, and Catostomus, respectively).
These species have maintained their morphological dis-
tinctiveness despite extensive hybridization among them.
To further complicate matters, the Klamath smallscale
sucker has also contributed genes to this hybrid complex
(Tranah 2001), although it is not included here as part of
the upper Klamath fauna because of its extreme rarity in_
the basin. The shortnose sucker is similar to other species,

life in large lakes of the Great Basin and having a long fos-
sil history (Miller and Smith 1981). The Lost River sucker
is another lake-adapted fish that seems related to the Chas-
mistes group. Similar suckers are found as fossils in the
Great Basin, in a region (ancient Bonneville Lake, Utah)
that also had connections to the ancestral Snake River. The
Klamath largescale sucker is a typical riverine sucker, sim-
ilar to riverine species in the Columbia and Sacramento
drainages. Together, these species represent a remarkable
experiment in evolution as they struggle to maintain their
identities in a highly altered environment. It is possible
that the increased genetic diversity resulting from hy-
bridization increases the ability of each form to persist un-
der adverse conditions.

The three cyprinids, like the suckers, seem to have Great
Basin—Bonneville connections. The blue chub and the Kia-
math tui chub are upper Klamath endemics. The blue chub
is quite distinctive, and its relationships to other members
of the genus Gila are uncertain. The Klamath tui chub, on
the other hand, is part of a species complex widespread
throughout the Great Basin. The speckled dace occurs in
both the upper and lower rivers and is regarded as one sub-
species. However, a careful analysis of dace from different
parts of the province will probably reveal two or more sub-
species, as have been found for marbled sculpin.

The three sculpins (Cottidae) of the upper Klamath are
all endemic. All three are freshwater dispersants, with ben-
thic larvae rather than the pelagic larvae of sculpins capable
of dispersing through salt water. The slender sculpin (Cot-
tus tenuis) and the Klamath Lake sculpin (C. princeps) are
both found only in Oregon, although the slender sculpin is
closely related to the rough sculpin of the Pit River drainage
(see discussion under Pit River). Likewise, the marbled
sculpin occurs in both the Klamath and Pit drainages, with
subspecies in the Pit, upper Klamath, and lower Klamath
Rivers (Daniels and Moyle 1984).

Trout (Salmonidae) native to the upper Klamath repre-
sent two or three separate invasions by these vagile species.
Bull trout, found in a few Oregon tributaries, are otherwise
native to the Columbia River drainage and the McCloud
River of California. They presumably are holdovers from
times when the ancient Snake River flowed through the re-
gion (Minckley et al. 1986). There are two forms of rainbow
trout in the upper Klamath, redband trout and coastal rain-

living and fossil, of the genus Chasmistes, all adapted for

bow trout. The redbands are presumably relicts of one or
more early invasions, whereas the coastal rainbows initially
invaded as steelhead (anadromous rainbow trout) after the
upper and lower rivers became connected in fairly recent
times (Pleistocene).

The lampreys (Petromyzontidae) are another fascinating
part of the upper Klamath fauna, with a complex evolu-
tionary history. Four species of lamprey are now recognized
from the region, but they may represent a complex of forms
that have some gene flow among them. The Miller Lake
lamprey (Lampetra minima) is a tiny species from the
Williamson and Sycan Rivers, Oregon; the Pit-Klamath
brook lamprey is found in the Pit River as well; the Klamath
River lamprey is confined to the Upper Klamath Sub-
province; the dwarf Pacific lamprey is a landlocked form of
a widespread anadromous species. The anadromous Pacific
lamprey ultimately gave rise to all these forms, but it is not
at all clear how this occurred. Presumably there were mul-
tiple invasions during the various episodes of marine con-
nections of the ancestral rivers. The Pit-Klamath brook
lamprey and the distinctive “Pacific” lampreys in Goose
Lake (now connected to the Pit River) indicate ancient in-
vasions. Further complicating the picture is the fact that the
Miller Lake lamprey and the Pit-Klamath brook lamprey
are closely related, suggesting that one is derived from the
other (D. Markle, pers. comm.).

Overall, the fish fauna of the Upper Klamath Sub-
province is remnant of a more widespread fauna that
occupied the Great Basin region in wetter times, combined
with descendants of anadromous fishes that invaded dur-
ing times of ocean connection. Not surprisingly, the fishes
have long, independent evolutionary histories as well. The
suckers and lampreys in particular show evidence of
unusual arrangements of shared genes, presumably im-
proving the ability of each form to adapt to changing,
often severe, local conditions. Superimposed on these
fishes are descendants of anadromous fishes that invaded
at various times.

Lower Klamath Subprovince This region contains 21 na-
tive species, of which 17 are saltwater dispersants, mainly
anadromous lamprey (two species), sturgeon (two
species), salmonids (six species), smelt (two species), and
stickleback (one species}) plus two amphidromous
sculpins (Table 2). The only freshwater dispersants are
Klamath speckled dace, lower Klamath marbled sculpin,
Klamath smallscale sucker, and Pacific brook lamprey. The
dace and marbled sculpin presumably invaded from up-
stream during the Pleistocene, when water spilling from
Upper Klamath Lake eroded a permanent connection to the
lower river. The smallscale sucker has uncertain taxonomic
affinities, but'it is tied somehow to the suckers of the Upper
Kalmath Subprovince.

KLAMATH PROVINCE 5
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Rogue River Subprovince The Klamath Province contains
this subprovince because the only native freshwater disper-
sant is the Klamath smallscale sucker, which may be distinct
from the smallscale sucker in the Klamath River. The Rogue
River is also the southernmost drainage containing reticu-
late sculpin, abundant in most coastal streams in Oregon
and Washington. Otherwise, the Rogue contains the same
saltwater dispersant species found in the lower Klamath
River.

Klamath-Pit fishless area This is a large region that is cov-
ered with lava and scrubby forests. It contains no real wa-
tersheds and was presumably without fish historically.
Much of the water from the region’s limited rain percolates
through the lava and emerges as the big springs that form
the Fall River, a tributary to the Pit River. The area contains
Medicine Lake, an old caldera into which trout have been
planted for recreational fishing.

Sacramento-San Joaquin Province

The Sacramento—San Joaquin drainage system dominates
central California (Fig. 2). Historically, about half of all Cal-
ifornia’s water flowed out through its estuary. Its large size,
diverse habitats, and isolation have made it a center of fish
speciation. This speciation was facilitated by a complex ge-
ologic history that isolated various sub-basins or caused
neighboring basins to connect to it. Within this complex
province are 17 endemic species (including those that have
colonized a few neighboring watersheds). The number of
endemic forms increases to 40-50 when subspecies and
distinct runs of chinook salmon are counted as well. In
addition, there are 18 species shared with neighboring
drainages, plus 5 euryhaline marine species that occur in
lower reaches of streams on a regular basis. In all, 40 native
species inhabit the province (Table 3). The Sacramento—
San Joaquin Province can be divided into seven sub-
provinces, each supporting one or more distinct fish taxa:
(1) Central Valley, (2) Goose Lake, (3) Pit River, (4) McCloud
River, (5) Clear Lake, (6) Monterey Bay, and (7) Upper Kern
River (Table 3).

The Central Valiey Subprovince is drained by the Sacra-
mento and San Joaquin Rivers. The Kern, Tule, Kaweah, and
Kings Rivers of the southern end of the San Joaquin Valley
originally connected to the San Joaquin River only during
exceptionally wet years, when former lakes Buena Vista and
Tulare flooded into one another and overflowed into the
river. The Central Valley has been the center of speciation
for the province because of its large size, varied habitats, and
ancient age. Its freshwater dispersant fauna presumably be-
came isolated from the rest of the fish fauna of western
North America 10-17 million years ago (Minckley et al.
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1986), resulting in a fauna that is very different from that of
other isolated Western basins. The relationship of this fauna
to others is complicated and obscure, as shown when native
species are discussed individually.

The Sacramento perch is the only member of the family
Centrarchidae native west of the Rocky Mountains, It is dis-
tinct enough to be placed in a separate genus (Archoplites).
The fossil record indicates the genus was once widespread
in the West. Some of the earliest fossils are known from
Pliocene lake deposits in the Snake River Plain (in modern
Idaho), which also contain catfish (Ictaluridae) fossils (G.
Smith 1981). Curiously, no catfish are native to any of the
modern faunas of California, although introduced species
have done well.

The tule perch is the only freshwater species in the fam-
ily Embiotocidae, marine fishes found along the North
American and Asian coasts of the North Pacific. The distri-
bution of tule perch within the province shows that theyare
freshwater dispersants. Other freshwater embiotocids, now
extinct, are known from Pleistocene deposits in central Cal-
ifornia (Casteel 1976).

The Sacramento blackfish and hardhead have modern
and fossil distributions similar to that of Sacramento perch,
presumably because they both are found in warm lakes and
slow-moving streams (Casteel and Hutchison 1973). Both
are the only species in their genera (Orthodon, Mylopharo-
don), but the hardhead shares a common ancestry with
pikeminnows (Ptychocheilus) (Carney and Page 1990).

Hitch and California roach also belong to an endemic,
genus (Lavinia). Neither has a fossil record outside the
Sacramento—San Joaquin Province. Within the province,
hitch are largely confined to lowland and lacustrine habitats,
whereas roach are the most widely distributed species in
small streams. Genetic studies indicate that some roach pop-
ulations in different subprovinces may deserve designation
as species, resurrecting species names given by J. O. Snyder
in the early 20th century (J. Jones, pers. comn. 2001).

The Sacramento splittail also has no known fossil record,
but it is one of the most distinctive of the native minnows,
with possible affinities to Asiatic cyprinids (Howes 1984). It
is a benthic feeder with an unusual capacity (for a cyprinid)
to live in brackish water.

The Sacramento pikeminnow has relatives in the same
genus (Ptychocheilus) in the Columbia and Umpqua Rivers
to the north and in the Colorado River to the east and south.
It is most closely related to the Colorado pikeminnow,
which in turn is similar to fossil pikeminnows from the
Miocene of Arizona {G. R. Smith 1981; Carney and Page
1990). A southern source for Sacramento pikeminnow fits
with their absence from the Klamath and Rogue Rivers,
which lie between the Sacramento and Umpqua drainages.
The recent successful introduction of northern pike-
minnow into the Rogue River indicates that lack of suitable

.

Presence of Fish Species in Major Watersheds of the Sacramento—San Joaquin Aquatic Zoogeographic Region of California

Table 3

Watershed name
Subprovince number

Goose
Lake

2a

Pit

River

2b

McCloud Central

River Valley
2c 2d

Clear
Lake
2e

Monterey
Bay
2f

Kern
River

29

Pacific lamprey
River lamprey
Pacific brook lamprey

Pit Klamath brook lamprey

Kern brook lamprey
‘White sturgeon
Green sturgeon
American shad
Threadfin shad
Common carp
Goldfish

Golden shiner
Sacramento blackfish
Hardhead

Hitch

Sacramento pikeminnow
Tui chub

Thicktail chub
Sacramento splittail
Clear Lake splittail
California roach
Speckled dace
Lahontan redside
Red shiner

Fathead minnow
Mountain sucker
Sacramento sucker
Modoc sucker

Blue catfish
Channel catfish
White catfish
Brown bulthead
Black bullhead
Delta smelt
Wakasagi

Longfin smelt

Coho salmon
Chinook salmon
Kokanee

Rainbow trout
Cutthroat trout
Brown trout

Brook trout

Lake trout

Bull trout
Rainwater killifish
Mosquitofish
Topsmelt

Inland silverside
Threespine stickleback
Striped bass

White bass
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Table 3 (Continued)

Goose Pit McCloud Central Clear Monterey Kern

Watershed name Lake River
Subprovince number 2a 2b

River Valley Lake Bay River

2c 2d 2e 2f 2g

Sacramento perch —
Black crappie I#
White crappie I*
Warmouth —
Green sunfish —
Bluegill I
Pumpkinseed I*
Redear sunfish —
Largemouth bass I
Spotted bass —
Smallmouth bass —
Redeye bass —
Yellow perch e —
Bigscale logperch — —
Shiner perch — —
Tule perch — N
Tidewater goby — —
Yellowfin goby — —
Longjaw mudsucker — —
Shimofuri goby — —
Chameleon goby . — —
Staghorn sculpin — —
Rough sculpin — N
Coastrange sculpin — —
Prickly sculpin — —
Pit sculpin N N
Marbled sculpin — N
Riffle sculpin — —
Starry flounder — —
No. native species 9 14
No. introduced species 11 15
Total species 20 29
Species at risk 4

Extinct species 0 1
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18 20 12
32 39 16
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Notes: Records are only for species known to have reproducing populations. Abbreviations: E, extinct native; I, introduced; N, native; ?, status
uncertain {not counted in totals); 0, occasional marine visitor (not counted in totals); *, population at risk of extinction.

“Qregon only.

habitat is not a good explanation for their absence from in-
tervening rivers.

Other freshwater dispersants also have close relatives in
nearby drainages. The thicktail chub was apparently closest
to the arroyo chub of the Los Angeles basin, and other
Southwestern species in the genus Gila (Barbour and Miller
1978). The speckled dace occurs in all drainages surround-
ing the Sacramento—San Joaquin Province and probably has
atleast subspecies in each zoogeographic province. This fish
occurs in headwater streams, and so can more easily move
(or be moved) between drainages than most other species.

10 DISTRIBUTION PATTERNS

The Sacramento sucker belongs to a genus (Catostomuis)
widespread throughout North America, with species that
are very similar to one another. Its closest relative is proba-
bly the Tahoe sucker of the Lahontan Province (G. R. Smith
1992).

The closest relatives of the Central Valley riffle sculpin
are probably sculpin (Cottus) species with low dispersal
abilities in the Great Basin and Klamath Provinces, rather
than the sculpins considered to be riffle sculpins in Oregon.
The Pit sculpin of the Pit River is a recent derivative of the
riffle sculpin.

The freshwater fish fauna of the Central Valley Sub-
province has been enriched by species with fairly recent salt-
water dispersant ancestors but that now show evidence of
speciation within the drainage. The delta smelt is confined
to the subprovince but belongs to a genus (Hypomesus)
widespread in estuaries, lagoons, and lakes along the Pacific
coast of both North America and Asia. The more euryhaline
longfin smelt also belongs to a widespread genus (Spir-
inchus), and the species itself seems to be present in a num-
ber of Pacific coast estuaries. Nonpredatory lampreys, most
notably the Kern brook lamprey, have evolved from anadro-
mous Pacific and river lampreys.

The runs of chinook salmon and rainbow trout/steel-
head show adaptations to the unusual conditions of Central
Valley streams and are genetically distinguishable from runs
in other systems. Particularly distinctive is the winter-run
chinook salmon, which spawns in cold spring-fed streams
in the upper Sacramento River drainage.

Overall, the present Central Valley fish fauna shows evi-
dence of long isolation and limited ancestry (Avise and Ay-
ala 1976), with complex origins. The distinctive morphol-
ogy, physiology, and life history patterns of the species re-
flect an evolutionary history of adaptation to a region where

. extended droughts are common, as are massive floods.

The Goose Lake Subprovince is a large, arid drainage
basin that straddles the California-Oregon border and cen-
ters on Goose Lake, an enormous shallow lake. Historically,
the lake has overflowed into the Pit River and also nearly
dried up. The fishes of the lake are morphologically and ge-
netically distinct, reflecting adaptations for life in its rich, al-
kaline, and muddy waters and survival in remnant habitats
during periods of severe drought. The tui chub and Sacra-
mento sucker have been described as subspecies. The most
distinctive fishes are the undescribed Goose Lake lamprey
and the Goose Lake redband trout. The lamprey is a bronze-
colored predatory form (or forms) related to the lampreys
of the Upper Klamath Subprovince (see that account). The
redband trout is a rainbow trout that has two distinct life
history strategies: one strategy is to live in the lake, grow to
large size, and spawn in the streams, and the other is to be a
small resident of headwater streams. When the lake dries up
and then fills again, it can be quickly recolonized by fish
from headwater populations. In addition, streams in the
basin support Pit-Klamath brook lamprey, speckled dace,
Pit sculpin, Modoc sucker, and California roach. The sys-
tematics of all eight native species have yet to be worked out,
especially in relation to those of similar forms in the upper
Pit River region.

The Pit River Subprovince contains 14 native species, an
interesting mixture of fish of Sacramento and Klamath ori-
gin, including three endemic sculpins (Pit, rough, and “big-
eye” marbled sculpin) and the endemic Modoc sucker. The
province consists of the Pit River drainage of the northeast-

ern corner of the state, a region subject to intense mountain
building and vulcanism during the Pliocene and Pleistocene
Periods. Lava flows repeatedly changed the face of the land-
scape, creating the desolate Devil’s Garden area of today. In
the late Pliocene (two million years ago), the upper Pit River
drained north and west, into the upper Klamath River,
which in turn connected to the ancient Snake River, which
drained from the Great Basin. In the early Pleistocene
(about one million years ago), the Klamath connection was
dammed by lava, creating a deep lake (Lake Alturas) where
a shallow lake had previously existed. Lake Alturas eventu-
ally spilled over a gap in the Adin Mountains, eroding a con-
nection to the Sacramento drainage, and its bed was later

largely obliterated by more lava flows (Pease 1965).

As a result of these dramatic changes in drainage con-
nections, the Pit River Subprovince contains fishes derived
from both the Sacramento-San Joaquin and Klamath
Provinces. The Sacramento-San Joaquin fishes are all Pleis-
tocene invaders that were able to pass the falls and rapids in
the deep canyon of the lower Pit River: Sacramento
pikeminnow, hardhead, California roach, and Pit sculpin
(derived from riffle sculpin). Tule perch are present in the
lower river but have not traversed Pit Falls. Fishes with an-
cestors in common with the modern Klamath fauna are Pit-
Klamath brook lamprey, marbled sculpin, rough sculpin,
tui chub, and redband trout. The rough sculpin is very sim-
ilar to the slender sculpin of the Klamath lakes of Oregon.
The redband trout is found in isolated headwaters and
shares a common ancestry with redband trout of the Mc-
Cloud River and upper Klamath Subprovince in Oregon
{Behnke 1992; Nielsen et al. 1999).

Another species found only in scattered headwaters is
the endemic Modoc sucker. It appears to be most closely
related to the Sacramento sucker. It is also found in a few
Oregon headwaters of Goose Lake, I

Overall, the ichthyological history of the Pit River Sub-
province can be described as follows. The ancestral, pre-
Pleistocene drainage was part of the ancestral upper Kla-
math drainage, which connected to a large river flowing
from the Great Basin. The ancestral fish fauna was part of a
widespread western fauna that became fragmented through
the complex geologic activity described by Minckley et al.
(1986). Just prior to its divorce from the Klamath drainage,

the Pit drainage included one or more lakes containing
fishes similar to those that now live in the Klamath Lakes of
Oregon (and large lakes of the Great Basin). It also con-
tained a stream fauna of speckled dace, marbled sculpin,
Pit-Klamath brook lamprey, Modoc sucker, and redband
trout. When the Pit and Klamath drainages became isolated
from one another, the fishes in each drainage began their in-
dependent evolutionary journeys. In the Pit drainage this
evolution was perhaps hastened by two events: elimination
of the large lakes and invasion of riverine fishes from the

SACRAMENTO-SAN JOAQUIN PROVINCE 11



Sacramento River. The lacustrine fishes either became ex-
tinct (e.g., lake suckers, Chasmistes) or adapted to the lake-
like environments of large, clear, spring-fed streams, Fall
River and Hat Creek (rough sculpin, marbled sculpin, tui
chub). Invading fishes seem to have eliminated the native
stream fauna, except brook lamprey and speckled dace. Pit
sculpin largely replaced marbled sculpin, except in Hat
Creek and Fall River, where the Pit sculpin seems less able
to avoid predators than the other sculpins. Sacramento
sucker replaced Modoc sucker except in streams isolated by
natural barriers. Elimination of the remaining barriers by
humans has been a major cause of endangerment of Modoc
sucker (Moyle and Marciochi 1975).

The McCloud River Subprovince contains only the Mc-
Cloud River and its tributaries, sandwiched between the Pit
River and the upper Sacramento River drainages. Although
the river has two large falls that have helped to isolate its up-
per watershed, the main factor responsible for its distinctive
fish fauna (seven native species) is the unusual nature of the
river itself. It has fairly constant year-round flows of cold wa-
ter from Mt. Shasta, much of which emanates from giant
springs. Other water from the mountain enters through
creeks of glacial meltwater that contains glacial silt, giving
the lower river a green or milky color. The river flows
through a deep forested canyon, with trees and amphibians
reminiscent more of the North Coast than of the hot Cali-
fornia interior. Historically, its numerous deep pools pro-
vided refuges for coldwater fishes, even at low elevations:
spring-run and winter-run chinook salmon, steelhead trout,
bull trout, and riffle sculpin, as well as McCloud River red-
band trout in the main river and tributaries above the falls.

From a zoogeographic perspective, the most distinctive
element of the McCloud River fish fauna is (or rather, was)
the bull trout, for which the closest other populations are in
tributaries to the upper Klamath River in Oregon. It is
common in the Columbia River drainage farther north.
Presumably the bull trout was found throughout the origi-
nal upper Klamath-Pit River drainage during the cooler and
wetter Pleistocene and managed to colonize the McCloud
River after the Pit River became connected to the Sacra-
mento River. It then disappeared from the rest of region af-
ter the climate became warmer and drier, although it may
have just gone unnoticed in the spring-fed waters of the up-
per Sacramento and Pit Rivers within recent times. The
unique coldwater conditions of the McCloud River also
made it the principal home of two distinctive runs of chi-
nook salmon (both now gone from the river as the result of

Shasta Dam). Most distinctive genetically is the winter-run
chinook, which entered the river in winter and spawned in
spring; this strategy was possible only because cold water al-
lowed the embryos to incubate in the gravel during sum-
mer. They could then hatch in late summer and move into
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the Sacramento River and out to sea when river tempera-
tures were low. Spring-run chinook entered the river in
spring but did not spawn until early fall. The cold waters
and deep pools enabled large numbers of adults to summer
in the river and juveniles to rear for a year or more.

The riffle sculpin in the McCloud River is distinctive
enough to have been described as a separate species (Cottus
shasta), but its taxonomic status has never been properly
evaluated. Curiously, the closest drainage to the McCloud
River, Squaw Creek just to the east, contains Pit sculpin. The
McCloud River redband trout lives in the upper parts of the
drainage, above the reach of spawning steelhead trout,
which will hybridize with it. There are at least two distinct
forms, one of them confined to tiny Sheepheaven Creek
(Nielsen et al. 1999).

The Clear Lake Subprovince is centered on Clear Lake,
which occupies only a small drainage basin in the Coast
Range, although it is one of the largest natural lakes in Cal-
ifornia. It is regarded as the oldest lake in North America;
organic sediment has been deposited continually in one
basin for about 480,000+ years (Casteel et al. 1977; Casteel
and Rymer 1981; Hearn et al. 1988). There are also rem-
nants of a more ancient ancestral lake in the area, dating
back 1.8-3.0 million years. Subsidence of the faulted block
on which the lake rests has kept up with the sediment dep-
osition, resulting in over 320 m of sediment deposits. Cor-
ing samples of the sediment have allowed scientists to recre-
ate the history of the lake and the local climate by examin-
ing remains of algae, zooplankton, and fish deposited
through time (Casteel 1976).

The native fish fauna of the lake is dominated by species
otherwise found mainly in quiet waters of the Central Val-
ley floor. These fishes are incapable of moving up the lake’s
outlet stream, Cache Creek, as it exists today, a fast-moving
stream flowing through a steep, narrow canyon. They could
only have entered the lake when the gradient between it and
the valley floor was not as steep. The fishes have thus been
isolated from the main system for a long time, and their re-

mains are present in sediment deposits going back hun-.

dreds of thousands of years (Casteel et al. 1977). A number
of the fishes have diverged morphologically from the ances-
tral valley forms and are recognized as separate species or
subspecies: Clear Lake splittail, Clear Lake hitch, Clear Lake
tule perch, and, possibly, Clear Lake prickly sculpin (Hop-
kirk 1973). Hopkirk also described another cyprinid species
(Endemichthys grandipinnis) from the lake, but its status is
uncertain.

The geologic events that lead to the formation of Clear
Lake and to the establishment of its fish fauna are complex
(Anderson 1936; Hinds 1952; Brice 1953; Hodges 1966; Swe
and Dickinson 1970; Hopkirk 1973). In the early or middle
Pleistocene, when the Coast Range was much lower, the Clear

Lake basin was a valley connected by a low-gradient stream
(Cache Creek, or possibly Putah Creek) to the Sacramento
systerm. The basin may also have drained via Cold Creck into
the Russian River. The basin at this time contained one or
more lakes that provided suitable habitat for invading Sacra-
mento fishes. As the Coast Ranges rose, the gradient of Cache
Creek increased, isolating the fishes in the basin. Tectonic ac-
tivity; or perhaps deposition of alluvial deposits from Scotts
Creek, may also have blocked outflow through Cold Creek.
Meanwhile, faulting caused the northwest portion of the
basin to subside, resulting in a depression containing the
main portion of Clear Lake. Volcanic activity in middle and
late Pleistocene, including that creating Mt. Konocti, further
modified the lake basin. Most dramatic was a lava flow that
blocked Cache Creek near its exit from the lake, raising the
lake level and making Cold Creek the main outlet. This
change may have permitted the Russian River to be colonized
by some Clear Lake fishes. Finally, in the Pleistocene a land-
slide (or alluvial debris from Scotts Creek) blocked Cold
Creek, allowing the lake to spill over the Cache Creek lava
flow, reestablishing Cache Creek as the outlet,

The streams of this province contain Sacramento pike-
minnow, Sacramento sucker, California roach, and rainbow
trout, which appear indistinguishable from those of the
Central Valley Subprovince. In addition, presumed Pacific
brook lamprey are present in at least one stream, Kelsey
Creck. Prior to construction of a dam on the outlet of Clear
Lake, both steelhead rainbow trout and Pacific lamprey
apparently ascended Cache Creek to spawn in tributaries to
the lake.

The Monterey Bay Subprovince consists mainly of three
major streams flowing into Monterey Bay: the San Lorenzo,
Pajaro, and Salinas Rivers. For convenience, it also includes
the small coastal drainages from Santa Cruz to San Fran-
cisco. One of these (Pescadero Creek) contains California
roach. The drainages are also the southernmost habitats for
coho salmon. The Pajaro and Salinas Rivers had (until his-
torical times) almost a full complement of freshwater dis-
persant fishes characteristic of the Central Valley Sub-
province: Sacramento sucker, California roach, hitch,
Sacramento blackfish, Sacramento pikeminnow, speckled
dace, thicktail chub, Sacramento perch, tule perch, and riffle
sculpin. The only species missing were hardhead and split-
tail. Snyder (1913) failed to collect Sacramento perch, thick-
tail chub, and pikeminnow from the Salinas River, but re-
mains of all three are present in prehistoric archaeological
sites (Gobalet 1990), and pikeminnow are common in the
river today. This is not surprising, because the Pajaro was a
tributary of the Salinas River in the late Pleistocene. The San
Lorenzo River contains only suckers, roach, and dace. Of
fishes present in the Monterey Bay Subprovince, only
sucker, roach, and hitch may be well enough differentiated

to justify calling them subspecies. The hitch was originally
described as a separate species by Snyder (1913), but his de-
scription was based in part on hybrids between hitch and
roach (Miller 1945b). However, Monterey hitch do have
fewer dorsal and anal fin rays than those from the Sacra-
mento drainage, even at sites where roach are absent, so
subspecific designation is probably warranted.

The nature of the freshwater dispersant fish fauna indi-
cates that this subprovince probably had two separate con-
nections to the Central Valley during the middle or late
Pleistocene: (1) a headwater connection between the San
Benito River (a tributary of the Pajaro River) and the San
Joaquin River, and (2) a lowland connection between Coy-
ote Creek and Llagas Creek (also a Pajaro-tributary). The
‘San Benito connection came earlier and permitted Califor-
nia roach, Sacramento sucker, and speckled dace to enter
the system (Murphy 1948c¢). The main pieces of evidence
for this early connection are (1) the degree of differentiation
of roach and sucker, compared with other fishes, (2) the
similarity of the two species to their counterparts in the San
Joaquin system, and (3) the presence of populations of
roach above impassable falls in the San Benito River (Mur-
phy 1948c). Other fishes native to the Pajaro-Salinas system
are mainly lowland forms. They presumably entered by way
of Coyote Creek, which now flows into San Francisco Bay.
There is strong geologic evidence that the upper portion of
Coyote Creek changed course several times in the past to
flow into Llagas Creek, a Pajaro tributary (Branner 1907).
Coyote Creek also makes a plausible source for the lowland
species because it contains (or did until recently) a nearly
full complement of Central Valley fishes, despite having
long since been cut off by salt water from the main system.
The absence of hardhead from Coyote Creek helps to ex-
plain their absence in Monterey Bay drainages.

From the Pajaro River, freshwater fishes presumably
spread to the Salinas and San Lorenzo Rivers through low-
land connections that existed when sea level was lower, or
through recent estuarine connections between the Pajaro
and Salinas Rivers when flooding makes the surface waters
nearly fresh, The freshwater dispersant fauna of these rivers
is supplemented with saltwater dispersant fishes, mainly
Pacific lamprey, threespine stickleback, prickly sculpin,
steelhead, and coho salmon.

The Upper Kern River Subprovince is the upper Kern
River basin that contains the river and its tributaries above
the present site of Isabella Reservoir. Only two species of fish
are native to the basin, Sacramento sucker and endemic
golden trout, now regarded as three subspecies of rainbow

trout. The sucker is apparently a recent invader from the
lower Kern River, but the golden trout evolved from rain-
bow trout isolated in the Upper Kern basin. Three distinct
types of trout are currently recognized, which apparently
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evolved in isolation from one another: Volcano Creek
golden trout, Little Kern River golden trout, and Kern River
rainbow trout. The latter may have resulted from hy-
bridization between an ancestral “redband” trout and later-
arriving coastal rainbow trout.

North Coast Province

The North Coast Province includes coastal drainages from
the Golden Gate on San Francisco Bay to the Smith River on
the Oregon border, but excludes the mouth of the lower
Klamath River. It is a collection of coastal streams and rivers
with largely independent zoogeographic histories but with
more faunal similarities than differences (Table 2). The ex-
ception is the Russian River, a coastal stream that has “cap-
tured” much of the Sacramento—San Joaquin fauna; 9 of 20
native species in the river are otherwise endemic to the
Sacramento—San Joaquin basin. Some other drainages con-
tain California roach, Sacramento sucker, or both, indicat-
ing past headwater connections to streams of the Central
Valley, but overall anadromous and other saltwater disper-
sant fishes dominate the faunas (15 of 25 species; 16 of 21 if
the Russian River is excluded). There are no endemic species
to define this province, so it is basically a province of con-
venience.

The Mad, Eel, and Bear Rivers share one native fresh-
water dispersant, the Sacramento sucker. This sucker has
been recognized as a separate species, but there seems little
reason to consider it a distinct taxon (Ward and Fritzsche
1987). It presumably moved from the Eel River to the Mad
River (or vice versa) through their once-common estuary
(Humboldt Bay) and into the Bear River from the Eel River
by way of headwater connections. It is curious that only the
sucker managed to invade these drainages, because in recent
years California roach, speckled dace, and Sacramento
pikeminnow have all been successfully introduced into the
Eel River.

‘The next major drainage southward, the Navarro River,
contains both Sacramento sucker and California roach.
South of the Navarro, the Gualala River contains only roach.
The taxonomic identity of the two roach populations is un-
certain; they have been variously listed as separate species,
as subspecies, and as not being distinct from roach of the
Central Valley. The same is true for roach from the Russian
River and tributaries to Tomales Bay (Walker, Lagunitas,

and Olema Creeks). It is likely, however, that all these pop-
ulations have been isolated from one another long enough
to merit recognition as distinct taxa at one level or another.

By far the largest collection of freshwater dispersant
fishes in coastal drainages occurs in the Russian River,
which is inhabited by California roach, hitch, Sacramento
pikeminnow, hardhead, and tule perch. The tule perch is
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distinctive enough to be described as a subspecies (Hopkirk
1973). Just how these fishes got into the Russian River has
been debated ever since Holway (1907) suggested the river
was the ancestral home of the entire Sacramento-San
Joaquin fauna, an idea quickly rejected by Snyder (1908d).
There are two geologically possible routes by which the
Sacramento—San Joaquin fauna could have entered the
Russian River, either through Clear Lake (Lake County) or
through drainage connections with San Francisco Bay.

Transfer of fish from Clear Lake was possible as a result
of a complex but well-documented series of geologic events.
Clear Lake first drained into the Sacramento River through
Cache Creek. Cache Creek was blocked by a lava flow, rais-
ing the level of the lake so that it spilled into Cold Creek, a
tributary to the Russian River. Cold Creek was then blocked
by a landslide, and the drainage down Cache Creek was re-
opened, as is discussed in more detail under the Clear Lake
Subprovince.

Transfer of fishes to the Russian River from San Fran-
cisco Bay is possible because the bay was a river valley until
the late Pleistocene and only low divides today separate two
of its tributaries (Copeland Creek and Petaluma River)
from two Russian River tributaries (Santa Rosa and
Sonoma Creeks). This region is extremely active geologi-
cally (it is on the San Andreas fault), so dramatic shifts in
drainages are possible (Wahrshaftig and Birman 1965).

A close examination of the fish fauna supports the hy-
pothesis that both routes were involved. Hardhead and riffle
sculpin are present in the Russian River drainage, butabsent
from the Clear Lake basin. Sacramento perch and Sacra-
mento blackfish, once two of the most abundant species in
Clear Lake, were absent from the Russian River until intro-
duced, an indication that lack of suitable habitat would not
have kept them from becoming established in more ancient
times. However, the Sacramento perch is no longer present
in the river. The California roach of the Russian River seems
to be most similar to the form in the Clear Lake basin. Al-
though Russian River tule perch bear greater morphologi-
cal similarity to Clear Lake perch than to Sacramento-San
Joaquin perch (Hopkirk 1973), genetically it is divergent
from both forms (Baltz and Loudenslager 1984). All other
freshwater dispersants in the Russian River are adapted for

stream living and could have entered through either route.

Great Basin Province

The Great Basin is the vast, arid region of western North
America between the Sierra Nevada and the Rocky Moun-
tains, divided into numerous smaller basins. During the
Pleistocene and before, many of these basins contained
large lakes that often had aquatic connections to one an-
other. Today these lakes are either dry, reduced to remnants,

or too alkaline to support fish. The basins are now largely
isolated, and their remnant fishes have evolved into forms
adapted to local conditions, These conditions range from
cold mountain creeks, to warm highly fluctuating streams
at low elevations, to alkaline lakes, to tiny desert springs.
Each basin therefore tends to have one or more endemic
species or subspecies, as is evident in basins (subprovinces)
all or partly in California: Surprise Valley, Eagle Lake, La-
hontan, Owens, Amargosa, and Mojave. Altogether these
basins contain only 13 native species, 6 endemic to the Great
Basin, including 4 endemic to the California portions of the
Great Basin (Table 4). In addition, there are a number of
large areas, including the Mono Lake basin, that were his-
torically fishless.

The Surprise Valley Subprovince contains two basins,
Surprise Valley and Cowhead Lake, in the extreme north-
eastern corner of the state. The floor of Surprise Valley con-
tains three large, highly alkaline lakes that periodically dry
up. As far as is known, streams draining the Warner Moun-
tains on the California side of this valley had no native
fishes, although it is possible that redband rainbow trout
were present before nonnative rainbows were introduced.
There are also tui chubs in at least one farm pond in the

- basin, but their origin is uncertain, On the Nevada side, Wall

Canyon Creek contains an undescribed sucker (Catostomus
sp.) and speckled dace. Surprise Valley and the Cowhead
Lake basin have not been connected in recent times (if ever),
and the Cowhead Lake drainage should probably be treated
as a separate subprovince, or as part of the Warner Valley
drainage of Oregon. It contains an endemic tui chub sub-
species in a lowland slough and speckled dace in the
streams, It is also possible that redband trout were (or are)
present.

The Eagle Lake Subprovince is centered around Eagle
Lake, a large terminal lake that once drained into Lake La-
hontan (see the next section). It contains an endemic sub-
species of rainbow trout (rather than cutthroat trout), the
only rainbow trout native to the Great Basin. Its ancestors
presumably crossed one of the low divides separating the
Eagle Lake drainage from the Pit River. The only other
species present are Lahontan redside, tui chub, speckled
dace, and Tahoe sucker. The tui chub may be an endemic
subspecies. Conspicuous by their absence are Lahontan cut-
throat trout, Paiute sculpin, mountain sucker, and moun-
tain whitefish.

The Lahontan Subprovince consists of four watersheds
in California on the east side of the Sierra Nevada, north to
south: Susan River, Truckee River, Carson River, and Walker
River (Table 4). Collectively, they have by far the most di-
verse fish fauna of any Great Basin subprovince (eight
species in California, four of which are shared by all water-
sheds). During the Pleistocene, these basins all drained into
Lake Lahontan, which occupied much of the northwestern

third of Nevada and the Honey Lake region of California.
The main remnants of that lake today are Pyramid and
Walker Lakes, Nevada. In Nevada, the principal watershed
in this subprovince is the Humboldt River, although there
are numerous smaller ones as well, such as the isolated Sol-
diers Meadow drainage, which contains desert dace (Ere-
michthys acros). The major drainages share endemic La-
hontan cutthroat trout, Tahoe sucker, Lahontan redside,
Lahontan speckled dace, and tui chub (various subspecies).
Other shared species—Paiute sculpin, mountain sucker,
and mountain whitefish—are also found in zoogeographic
regions outside California. These three species are either re-
cent invaders of the system (which seems unlikely given
their isolation from their nearest relatives on the opposite
side of the Great Basin) or cryptic species in need of taxo-
nomic reevaluation. Another species endemic to the sub-
province not found in California is cui-ui sucker (Chas-
mistes cujus), which is endemic to Pyramid Lake (sink for
the Truckee River).

The Lahontan fauna has been in place for a long time;
fossils of most modern species are present in deposits that
date at least to the Miocene. Related species are found in
other parts of the Great Basin, the Columbia River drainage
(which now includes the ancient Snake River), and the Kla-
math drainage (Minckley et al. 1986). In short, much of the
Lahontan fauna descends from a fauna that was widespread
in western North America when climate and landscape were
less rugged—although some species (e.g., mountain white-
fish) could have invaded later from the Columbia drainage.
Because various basins within the subprovince also have
been isolated from one another, some localized differentia-
tion of fishes has also taken place. For example, Silver King
Creek in Alpine County contains the Paiute cutthroat trout,
essentially a Lahontan cutthroat trout with few spots. Like-
wise, Pyramid Lake and Lake Tahoe (Truckee watershed)
contain lake-adapted forms of Lahontan cutthroat and tui
chub.

The Owens Subprovince consists of the Owens River and
its tributaries, which ultimately flow into now-dry Owens
Lake. The native fish fauna consists of five endemic forms:
Owens sucker, Owens tui chub, Owens speckled dace (two
undescribed subspecies), and Owens pupfish. The sucker
and tui chub are very closely related to species in the La-
hontan Subprovince, and most likely were part of the
Lahontan fauna when the Owens drainage and the Mono
Lake basin (which is between the Owens and Lahontan Sub-
provinces) were all connected to the Lahontan drainage. On

the other hand, the pupfish is most closely related to the
desert pupfish of the Colorado Province, suggesting ancient
connections. This region is still active geologically, and
much of its past history has been obscured by lava flows and
other geologic events, making the ancient history of the
fauna difficult to work out (Minckley et al. 1986).
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The Amargosa Subprovince covers Death Valley and the
Amargosa River, which flows into it. Death Valley is the low-
est and most arid place in North America, yet it still con-
tains fishes, remnants of the fauna that inhabited Pleis-
tocene lakes and streams. These fishes are in Amargosa
River, Salt Creek, and numerous springs flowing from fault
lines along the mountains (four species total). The water is
typically warm, often saline, and ancient in origin, perhaps
8,000 to 12,000 years old before it emerges. All the fishes are
small in size and capable of withstanding environmental
extremes. In California, the fauna consists of Salt Creek
pupfish, with two subspecies (one in the creek, one on the
hypersaline marshy floor of Death Valley); Amargosa pup-
fish, with three subspecies (one in the Amargosa River, two
in tributary springs); and speckled dace. There are addi-
tional subspecies of the Amargosa pupfish in Nevada, in the
Ash Meadows spring system, including the Devils Hole
pupfish (Cyprinodon diabolis). The geology of this area is
complex, but its ancient connections are presumably to the
ancestral Colorado River. Fossil pupfish, dating back to the
Miocene, are known from the region, however, so other pos-
sibilities exist. Exhaustive and often speculative analyses of
the origin of the fauna in relation to geology are reviewed
in Soltz and Naiman (1978), R. R. Miller (1981),and Minck-
ley et al. (1986).

The Mojave Subprovince, which is basically the Mojave
River drainage, contains just one species of native fish,
Mojave tui chub. The nearest relative of the chub is pre-
sumably Owens tui chub. It is likely that they are both de-
rived from tui chubs that lived in the large, interconnected
Pleistocene lakes that occupied the desert regions of south-
ern California.

Great Basin fishless areas are the large regions of desert
and mountain that historically contained no fish and for the
most part still lack fish. The best known such area is the
Mono Lake basin. The fishes that once inhabited the
streams flowing into highly alkaline Mono Lake presumably
were wiped out by vulcanism during the past million years,
up to and including historic times (Hart 1996). Because
the basin has a number of permanent streams (which main-
tain the lake), it has been subjected to numerous introduc-
tions of fish, and at least six species now inhabit the basin.
High-elevation streams elsewhere (e.g., Rock Creek, San
Bernardino County) also contain introduced trout.

South Coast Province

This province is both arid and active geologically, so it has
a somewhat limited fish fauna with a rather long and com-
plex history (14 species occur in fresh water ona regular ba-
sis). Tt contains about ten large watersheds and many more
smaller coastal drainages from Baja California north to
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Monterey Bay (Table 5). Uncertainties over the historical
distributions of some native species, distributional overlaps
in others, and the presence of a few widespread species have
made the designation of subprovinces problematic, al-
though arguments can be made for placing watersheds from
the Santa Margarita River south in one subprovince (San
Diego), the Los Angeles basin in another, and all the re-
maining watersheds north to the Carmel River in a third.
Only streams of the Los Angeles basin (Santa Ana, San
Gabriel, and Los Angeles Rivers) have an endemic group of
freshwater dispersant fishes (arroyo chub, Santa Ana sucker,
speckled dace), although arroyo chub are apparently also
native to the neighboring Santa Margarita watershed, and
there is a mysterious speckled dace in San Luis Obispo
Creek. Most of the watershed is (or was) dominated by salt
water dispersants. The larger streams are (were) used for
spawning by anadromous rainbow trout, Pacific lamprey,
and possibly threespine stickleback. The trout, lamprey, and
stickleback left isolated populations in the headwaters of a
few streams, creating landlocked forms, most notably the
rainbow trout (O. mykiss nelsoni) of Baja California, Mex-
ico; an undescribed (and now extinct) nonpredatory lam-
prey of the Los Angeles basin; and unarmored threespine
sticklebacks of the Los Angeles basin. Sticklebacks are pres-
ent in ancient fossil deposits in the region, so it is possible
that some unusual populations in this province had inland
origins.

Numerous euryhaline marine species are found in the la-
goons and lower reaches of the streams, but two species are
found only in such habitats: tidewater goby and California
killifish. The goby is endemic to lagoons of the California
coast, north to the Oregon border, but southern California
populations are genetically distinct from the rest. They
seem to disperse mainly when neighboring streams are
connected by low sea level or high-outflow events that cre-
ate coastal waters with low surface salinities. The killifish
has presumably become distributed along the coast by mov-
ing through salt water, but its ultimate origins are inland be~
cause the genus is widespread in North American fresh and
brackish waters and is common as fossils in what is now the
Great Basin (Minckley et al. 1986).

The origins of arroyo chub, Santa Ana sucker, speckled
dace, and California killifish in the region have long puzzled
zoogeographers. Their closest relatives are in the Colorado
River drainage (sucker, dace) and in Mexico (chub, killi-
fish). Minckley et al. (1986) argue persuasively that the ar-
royo chub and California killifish rode into the region on a
shifting continental plate that split from the continent far-
ther south and that supports the fishes of the Mexican
plateau. Both are lowland species that were unlikely to have
ancestors capable of moving into the region through con-
nections of upland tributaries. Both speckled dace and the
group of suckers containing the Santa Ana sucker (subgenus

Pantosteus) are fishes capable of living in small, swift
streams, and both have distribution patterns throughout
the West that suggest dispersal through streams. Therefore,
it is likely that these two species entered the region by way
of stream connections to the ancient Colorado River
drainage.

Colorado River Province

The Colorado River drains much of the arid interior of
western North America, about 650,000 km?. The river itself
is huge and muddy, fed by numerous tributaries with past
histories as independent drainages. Despite the size of the
drainage and river, this ichthyological province contains
only 32 native fishes, 16 of them widespread. Most species
are endemic; the few that are not considered endemic are
probably in need of taxonomic reevaluation. In many re-

spects the most remarkable part of this fauna is the big river
fishes with curious morphological adaptations that allow
them to thrive in a warm, muddy, fluctuating river. The

large minnows of the genus Gila in particular show a

morphological diversity that reflects a wonderfully com-

plex evolutionary history. Sporadic hybridization among

the Gila species has enhanced genetic diversity within

species while increasing genetic similarity among them.

They nevertheless maintain morphological distinctness,

allowing them to occupy diverse niches (Minckley and De-

Marais 2000).

The endemic cyprinid and catostomid fishes of the Col-
orado River are related to those of both the modern Sacra-
mento—San Joaquin and modern Columbia River faunas
(shared genera). The big rivers in the three basins have been
isolated from one another for millions of years, so they
mainly have in common derivatives of a once widely dis-
tributed ancestral fauna (Minckley et al. 1986). The desert
pupfish is also a relict of a more ancient fauna, indicated by
the broad distribution of the genus Cyprinodon across the

southwestern United States, Mexico, the Caribbean, and the
Gulf and eastern coasts of North America. Fossil Cyprin-
odon from Miocene deposits of Death Valley indicate that
pupfish were widely distributed even then, and they devel-
oped isolated populations by being carried off on shifting
continental plates or by having coastal populations isolated
or uplifted by tectonic activity (Minckley et al. 1986). Pup-
fish, with their small sizes and astonishing physiological tol-
erances, survive where few other species of aquatic organ-
isms can, making it easy to envision them persisting in re-
gions of intense geologic activity and little permanent
water.

I divide the California portion of the Colorado River
Province into two subprovinces: Lower Colorado River and

Salton Sea. The Lower Colorado River Subprovince is basi-
cally the river as it flows along the California border for '

about 400 km. It was originally a fairly uniform section of
river with no permanent tributaries in California. Therefore
it supported only a few of the endemic riverine fishes: Col-
orado pikeminnow, bonytail, razorback sucker, and flannel-
mouth sucker. In addition, desert pupfish lived in riparian
marshes and springs, and a few euryhaline marine species,
such as striped mullet and machete, invaded the river from
the Gulf of California.

The Salton Sea Subprovince originally contained only
desert pupfish when Euro-Americans arrived on the scene.
The Salton Sea was created by the inadvertent diversion of
the Colorado River into the dry basin in the early 1900s.
However, archaeological evidence indicates that the sea nat-
urally filled on occasion with water from the Colorado
River, bringing fishes with the inflowing water. Over 500
years ago the sea was a freshwater lake (Lake Cahuilla); its
abundant bonytail, razorback sucker, striped mullet, and
machete were an important source of food for the people
living around the lake (Gobalet and Wake 2000). Today it
still contains pupfish in a few places, but otherwise its fishes
are a diverse collection of alien species, many found
nowhere else in California.
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Ecology

The native freshwater fishes of California have been evolving
in isolation for millions of years. The general environment
to which they have adapted is a harsh one. The climate has
fluctuated tremendously over both long and short periods of
time, from very wet to very dry. The landscape is geologically
unstable, with rapidly rising and eroding mountain ranges,
active volcanoes, and shifting continental plates (a major
cause of earthquakes). Even on a seasonal basis, streams fluc-
tuate from raging, cold torrents in spring to warm trickles in
autumn. Not surprisingly, the few fishes that have managed
to persist in this environment show adaptations in their
morphology, physiology, behavior, and life history patterns
to deal with environmental extremes (Moyle and Li 1979;
Moyle et al. 1982; Moyle and Herbold 1987). The distinctive
nature of the fish fauna, as well as the assemblages (commu-
nities or zones) of which they are a part, is shown by the fol-
lowing generalities that characterize it. Examples of these
generalities—as well as exceptions to them—will be found
in later sections of this chapter that describe the ecology of
fish assemblages in and around the state.

1. A majority of native fishes have a life history strat-
egy characterized by large body size and high fecundity.
About 52 percent of all inland fishes have an adult body size
greater than 20 cm SL with associated high fecundity (egg
production) in females. This pattern is particularly preva-
lent among the freshwater dispersant minnows and suckers
(20 of 26 species) and anadromous salmonids and stur-
geons (all species). All of these fish have potential life spans
in excess of 5 years (some in excess of 30 years). In terms of
numbers and biomass, in most environments these large
fishes are the dominant species, even during their early life
history stages. In contrast, a majority of fishes in streams of
eastern North America are small and short-lived (Moyle
and Herbold 1987).

2. Local fish faunas are morphologically diverse. Except
for early life history stages, native fishes in each drainage are
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relatively easy to distinguish from one another. This charac-
teristic reflects distinctive morphologies, related to feeding
habits and habitat preferences, and a high degree of ecolog-
ical segregation among the species. In contrast, fish assem-
blages in Eastern streams tend to have large numbers of sim-
ilar species, particularly among minnows and darters (Per-
cidae), although the overall morphological diversity is just as
great or greater because of the large number of species.

3. Local species richness is low. A typical assemblage of
native fishes contains one to seven species, although rich-
ness may be higher in large lakes and some rivers. In con-
trast, Eastern streams and lakes often have assemblages in
excess of 25 species. ,

4, In streams with access to the sea, anadromous
fishes are important members of fish assemblages. Four-
teen anadromous fishes, with numerous independent runs,
spawn in coastal streams and rivers. They, and their juve-
niles, are often among the most abundant stream fishes, and
they can be important sources of energy for stream eco-
systems. Other saltwater dispersant fishes—such as mullet,
sculpins, and gobies—are also frequently important.

5. Almost all species spawn in the spring (March,
April, May). Most precipitation in California falls in winter
and spring. Much of it falls as snow in the Sierra Nevada and
becomes runoff in spring, Most California fishes have re-
productive cycles keyed to this seasonal abundance of water
and spawn within a three-month period. Most apparent ex-
ceptions to the spring-spawning rule are fishes that have ex-
tended spawning seasons and can spawn a month earlier or
later if conditions are right. Some runs of anadromous fish
(e.g., fall run chinook salmon) also spawn at different times
to take advantage of special conditions.

6. Most species exhibit little parental care. Most Cal-
ifornia fishes (75%) do not guard their embryos or young;
56 percent are broadcast spawners over open substrates and

19 percent bury their embryos and then abandon them. The

nonguarders include all but eight freshwater dispersant
species and all anadromous species except threespine stickle-
back. The broadcast spawners include all species of stur-
geon, minnows, suckers, and smelt. Only two species (3%)
are livebearers. All sculpins, gobies, and pupfish show
parental care, as do threespine stickleback and Sacramento
perch. With the exception of Sacramento perch, all species
with parental care have small (<100 mm SL) body size, and
most live in fairly permanent habitats (coldwater streams,
lagoons, springs). This characteristic suggests that, from an
evolutionary perspective, it pays to invest energy in pro-
ducing lots of young when times are good, spawning in en-
vironments that are likely to have relatively low densities of
potential predators on the young.

7. Different life history stages of each species tend to
be ecologically segregated. This generality is true of most
Eastern fishes as well, but the segregation seems to be better
developed in Western fishes, among which juvenile fishes
often behave ecologically like species different from the
adults. This characteristic allows juveniles to avoid preda-
tion by adults and use resources not available to adults.

8. Most species have physiological or behavioral
mechanisms that allow them to survive or avoid extreme
environmental conditions. In the species accounts in this
book, there are repeated references to the amazing ability of
various species to survive high temperatures, high alkalini-
ties, and low oxygen levels—conditions common in the
summer waters of California. Other species, especially
anadromous ones, avoid the extreme conditions by migrat-
ing either out to sea or up into consistently cold water in the
mountains.

9. Most species have well-developed dispersal abili-
ties. In a region where streams dry up or change course fre-
quently, the most successful species are those that can
quickly colonize new habitats. Most native fishes have
tremendous dispersal abilities as both juveniles and adults.
Smith (1982) found that reaches of the Pajaro River that
went dry during a prolonged drought were recolonized by
native minnows and suckers within a few months once
water returned. In the Eel River, Sacramento pikeminnow
colonized most of the suitable habitat in over 400 km of
stream in less than 15 years, from a single introduction into
a headwater region (Brown and Moyle 1993). All the salt-
water dispersant species have considerable capability to col-
onize coastal streams.

10. The more a stream or lake has been altered by hu-
man activity, the more likely it is to be dominated by in-
troduced fishes. Over a third of the fish species found in
California’s inland waters were introduced into them,
mostly from the eastern United States. Introduced fishes
dominate many bodies of water in the state because they are
better adapted than native fishes to warm, impounded, and
often nutrient-rich waters that are the by-product of civi-

lization. Native fishes that can survive in such waters are of-
ten eliminated by predation, exotic diseases, and, perhaps,
competition. Fish assemblages in relatively undisturbed
streams, in contrast, often show a remarkable ability to re-
sist invasions by introduced species (Baltz and Moyle 1992).
It is interesting to note that the number of native species in-
habiting a watershed has little impact on the ability of alien
species to invade it. Some of the most species-rich water-
sheds (e.g., the Central Valley) and some of the least species-
rich watersheds (e.g., the Colorado River) are among the
most invaded watersheds.

Assemblages and Faunal Filters

Alocal fish assemblage is very dynamic, changing from year
to year or season to season. In relatively undisturbed bodies
of water, these changes can be fairly predictable, provided
there is adequate understanding of the life histories and
ecological tolerances of the fishes. Unfortunately, we rarely
have such an understanding and so are continually sur-
prised by “sudden” changes in fish assemblages, especially
when such changes mean that a stream no longer supports
good fishing for a favored species. The first step in develop-
ing an understanding of how stream fish assemblages are
structured is to realize that the fauna present in a given
area has passed through a series of selective zoogeographic
and ecological “filters” that progressively reduce the num-
ber of species at a locality from the total present in a zoo-
geographic province (Smith and Powell 1971).

The broadest filters are zoogeographic (Fig. 3). In the
case of California, the faunas of the different zoogeographic
provinces had their ancestral origins mostly in a widespread
fauna of the early Pliocene, an era when much of the west-
ernlandscape was less fragmented by high mountain ranges
than it is today and perhaps was drained by one or two large
river systems. As regions became subdivided, the faunas in
each region were filtered to a smaller subset of the original
fauna, a subset created by a combination of adaptation to
local environmental conditions and zoogeographic acci-
dents. Thus regions with lakes throughout their history re-
tained specialized lacustrine fishes (e.g., suckers of the
genus Chasmistes) as part of the fauna; those without lakes,
even for a short period of geologic time, lost-many of those
elements. Within a region or zoogeographic province, local
barriers serve as selective filters for faunal expansions or in-
vasions. For example, falls on the Pit River prevented inva-
sion by the lowland Sacramento River fauna (e.g., hitch,
blackfish) into the Big Valley region, where plenty of suit-
able habitat for these fishes exists.

On a more local and shorter temporal scale, there are
physiological filters—environmental conditions that pre-
vent a species from moving into a reach of stream or into a

ASSEMBLAGES AND FAUNAL FILTERS 23

}
|
|
|
|
|
|
;




POTENTIAL FISH FAUNA
VRV B2 25 22 72 TN TRV

: Pleistocene events
H - (millions of years)

zoogeographic barriers
(thousands of years)

H physiological factors H
: (hundreds of years) H

biological interactions
(hundreds of years)

L N RV SN 2

| POTENTIALCOMMUNITY |
VYU by vy

natural disturbance H
(tens of years) :

2 N2 7

| oBsERVED communiTy |

Figure 3. Each local fish fauna is the result of the screening of a
regional fish fauna through a series of filters (dotted boxes) that
act on different time scales. Most modern fish assemblages have
been altered to a greater or lesser degree by human activity, even
assemblages in apparently pristine environments.

lake because the species lacks the physiological capability to
survive under those conditions. The result of these filters is
division of local faunas into warmwater and coldwater fish
assemblages. Rainbow trout are physiologically incapable of
living in warm waters preferred by Sacramento blackfish,
just as blackfish are physiologically incapable of persisting
in the cold, swift streams favored by trout. A yet finer filter
is behavioral—the interactions among species that affect lo-
cal distribution patterns. Avian predators, for example, may
exclude small fish from some shallow streams; competition
from Sacramento suckers may prevent Modoc suckers from
using lowland streams to which they would seem well
adapted. A final filter, often unrecognized, is the human
(anthropogenic) filter—human activities that change the
nature of local environments or bring in new species.

In short, every local fauna is a product of both ancient
and recent events and continues to change. Fishes that have
been living together for eons are usually morphologically
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distinct, and this circumstance is presumed to be the result
of evolution to minimize energetically expensive competi-
tive interactions, How fishes divide available food and space
among coexisting species is therefore often predictable
through the study of morphology. The bladelike pharyngeal
teeth of Sacramento pikeminnow, for example, reflect their
piscivorous nature, while the molarlike pharyngeal teeth of
hardhead, a species usually found with pikeminnow, reflect
reliance on hard-shelled invertebrates and algae. Despite the
usefulness of morphology in predicting ecological segrega-
tion, dissimilar species may still compete for limited re-
sources. Thus riffle sculpin exclude the morphologically
dissimilar speckled dace from riffles as the result of compe-
tition for hiding places under rocks (Baltz et al. 1982).
Where sculpins are absent, dace are abundant in riffles.
Clearly, understanding how a fish assemblage is structured
requires taking very little for granted—even obvious mor-
phological differences among species.

The previous chapter on distribution dealt largely with
the zoogeographic filters through which each regional as-
semblage has passed. This chapter therefore deals largely
with the physiological, ecological, and behavioral filters that
structure assemblages. The sections that follow are brief de-
scriptions of selected fish assemblages, the interactions
among species making up the assemblages, and relation-
ships of the species to their local environments. They rep-
resent only a small fraction of the assemblages present in the
state and were chosen because they contain many, if not
most, of the species in each zoogeographic province, and
also because I was familiar enough with them to describe
them with some confidence. The descriptions are generali-
ties, like the statements in the introduction to this section.
Anyone who has spent time studying any one of the assem-
blages will realize that each assemblage rarely conforms pre-
cisely to the picture presented here. Assemblages vary in
species composition from year to year and from place to
place. Furthermore, the behavior of each species is flexible,
in relation both to other species and to the environment.

Sacramento-San Joaquin Province
Central Valley Streams

Streams of the Central Valley have headwaters, historically
without fish, in mountainous areas. They plunge downward
through steep canyons and deep pools in the foothills be-
fore flowing into sluggish rivers or lakes on the valley floor.
The distinct habitats found in mountains, foothills, and val-
ley floor contain distinct assemblages of fish that can have
wide or narrow zones of overlap, depending on the gradi-
ent of the stream and other environmental conditions. In
streams of the San Joaquin Valley, distributional overlap
among assemblages is narrow enough to be mapped with

some confidence (Fig. 4), but in tributaries to the Sacra-
mento River, the overlap among regions with distinct as-
semblages (often called zones) is fairly broad (Fig. 5). Usu-
ally four fish assemblages can be recognized in Central Val-
ley streams: (1) rainbow trout assemblage, (2) California
roach assemblage, (3) pikeminnow-hardhead-sucker as-
semblage, and (4) deep-bodied fishes assemblage.

Rainbow trout assemblage. This assemblage is found in
clear streams at high elevations, where stream gradients are
high (usually a total drop of 3.0 m or more for every kilo-
meter of stream). The water is swift and permanent, with
more riffles than pools. The water is also cold, seldom ex-
ceeding 21°C, and is saturated with oxygen. The bottom
materials are predominantly cobbles, boulders, and bedrock.
The banks are well shaded and frequently undercut; logs
and root wads often extend into the water, creating pools
and other cover. Aquatic plants, submerged or emergent,
are few, except where the streams flow through boggy
alpine meadows. The dominant native fish are rainbow
trout, but sculpin (usually riffle sculpin), Sacramento sucker,
and speckled dace are often part of this assemblage, together
or separately. In some streams they may be joined by Cali-
fornia roach.

When trout, sucker, dace, and sculpin are found together,
the resulting assemblage shows a high degree of structure
(species segregation in use of food and space). Sculpin and
speckled dace feed by picking invertebrates from the bot-
tom, whereas rainbow trout feed primarily on drifting in-
sects, both terrestrial and aquatic (Li and Moyle 1976). The
trout also capture larger or more active benthic prey than
the other two species, and they will prey on other fishes if
given the opportunity. The aggressive and predatory behav-
ior of large trout presumably regulates the distribution and
abundance of sculpin and dace (unless the trout are regu-
larly removed by anglers). Sculpin segregate from dace by
ambushing larger invertebrates among the rocks, whereas
dace browse on smaller forms. Sculpin also typically live and
feed in swifter water than dace, although this is partly be-
cause dace are excluded from productive riffle areas by
sculpins (Baltz et al. 1982). Suckers live by grazing on at-
tached algae, detritus, and associated aquatic insects. They
have few direct interactions with other fish species, but
small trout will follow large suckers around, picking up
small insects disturbed by the suckers’ feeding. The fact that
small suckers are largely confined to shallow water suggests
they are avoiding predatory trout (Baltz and Moyle 1984).

The rainbow trout assemblage has been extended by hu-
mans in streams of the Sierra Nevada. Prior to extensive
trout planting programs in the late 19th and early 20th cen-
turies, most streams and lakes in elevations above 1,800 m
were without fish. The only major exceptions to this were
the upper reaches of the Kern River, where golden trout
evolved, and those tributaries to the Pit and McCloud Rivers

that contained redband rainbow trout. The rainbow trout
assemblage has now been extended, through planting, to in-
clude most streams and lakes of the Sierras; only rarely are
species other than salmonids present in these waters. At
lower elevations the presence of this assemblage has occa-
sionally been extended downstream into sections normally
inhabited by the pikeminnow-hardhead-sucker assemblage
as the result of poisoning operations followed by planting
of hatchery trout. These extensions normally last only a few
years; after which the treatment has to be repeated if artifi-
cially large trout populations are to be maintained (Moyle
et al. 1983). Rainbow trout habitat has also been created at
low elevations in cold waters flowing from dams. Often
these waters, because of their low temperatures and swift
currents, naturally exclude native minnows and suckers
without further human intervention.

A further result of human manipulation of the rainbow
trout assemblage has been to increase its complexity
through the introduction of brook trout and brown trout.
Brook, brown, and rainbow trout compete for food and
space but may coexist by living in slightly different places
and by adopting different feeding strategies. When all three
species occur together, brook trout tend to be found in cold,
spring-fed tributaries of the main stream, feeding equally
on surface and bottom foods. Brown trout tend to be found
in pools of main streams, feeding mostly on bottom inver-
tebrates and other fish, while rainbow trout are more likely
to be in the riffles, feeding on surface insects and drift. Dif-
ferent breeding times and places may also allow the species
to coexist.

California roach assemblage. Streams containing this
assemblage are small, warm tributaries to larger streams
that flow through open foothill woodlands of oak and
foothill pine. In the San Joaquin Valley, these streams are lo-
cated in a narrow elevational band in the foothills in much
of the same region that contains the pikeminnow-hard-
head-sucker assemblage (Fig. 4). The streams are usually in-
termittent during summer, so fish are often confined to
stagnant pools that may exceed 30°C during the day. Dur-
ing winter and spring the streams are swift and subject to
flooding. The main permanent native resident is California
roach. Because of their small size and tolerance of low oxy-
gen levels and high temperatures, roach survive where most
other fishes cannot. However, predatory green sunfish have
replaced California roach in some areas, such as tributaries
to the upper San Joaquin and Fresno Rivers. During winter
and spring, Sacramento suckers, pikeminnows, and other
native minnows may use these streams for spawning. If the
pools are sufficiently large and deep, their young-of-year
will survive the summer in them.

Pikeminnow-hardhead-sucker assemblage. Most of
the streams inhabited by the fishes of this zone have average
summer flows of >300 liters/sec; deep, rocky pools; and
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wide, shallow riffles (Moyle and Nichols 1973; Brown and
Moyle 1993). Water quality is usually high (high clarity, low
conductivity, high dissolved oxygen, summer temperatures
19-22°C), with complex habitat created by stream mean-
ders and riparian vegetation (Brown 2000; Marchetti and
Moyle 2000a,b). Some streams, however, may become in-
termittent in summer, or at least have such reduced flows
that fish are confined to pools. Summer water temperatures
in such streams may exceed 25°C and may track air tem-
peratures closely. In Sierra Nevada foothill streams of the
San Joaquin drainage, the pikeminnow-hardhead-sucker
assemblage occupies a narrow altitude range, from 27 to 450
m above sea level (Fig. 4). The range is much wider in
streams of the Sacramento Valley foothills (Fig. 5).
Sacramento pikeminnows and Sacramento suckers are
usually the most abundant fishes of this assemblage. Hard-
head are largely confined to cooler waters in reaches with

deep, rock-bottomed pools. Where they are found, however,
they are abundant. Other native fishes that may live here are
tule perch, speckled dace, California roach, riffle sculpin,
and rainbow trout. Introduced species (especially small-
mouth bass and green sunfish) may colonize this zone, but
they generally become abundant only if dams stabilize the
flow regime, because native fishes are better adapted for liv-
ing through periods of extreme high flow and extended cool
flows. Presumably native fishes find instream refuges from
high-velocity water or move to stream edges to avoid being
flushed downstream.

In the San Joaquin drainage this assemblage can be
sharply separated from assemblages above and below it
largely because most streams occupied by the assemblage
become warm or intermittent (or both) in summer. In more
permanent streams of the Sacramento Valley, however,
species replacement is not as common as species addition.

DISTRIBUTION
—eofe = = w m mn geasonal or migratory
—~aem—es  [oSident/spawning

Pikeminnow-
hardhead-sucker area of
assemblage detail
2 9,
2 {Deep-bodied\’
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[ e— |
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Figure 5. Distribution of fishes in Deer Creek, Tehama County, the largest tributary to the Sacramento River without a major dam in
its upper reaches. The different fish assemblages are regions of overlap of the distributions of different sets of native species. Note that
introduced species are present in abundance in only two highly disturbed areas: Deer Creek Meadows in the upper reaches, and the
lowermost reaches, where water has been diverted for irrigation.
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Thus rainbow trout live in much of the zone in the larger
and colder streams. Many anadromous fishes (mainly chi-
nook salmon, steelhead rainbow trout, and Pacific lamprey)
have (or had) major spawning grounds in the zone, and
their young are often part of the assemblage. Juvenile fall-
run chinook salmon, however, usually move downstream
within a few months after hatching to avoid high summer
temperatures, but young spring-run chinook and steelhead
may spend a year or more in the cooler upper reaches of this
zone. Pacific lamprey spend the entire five to seven years of
the ammocoete (larval) stage of their life cycle in muddy
backwaters, migrating downstream only when they meta-
morphose into the predaceous adult stage.
Species in the assemblage show a high degree of segrega-
tion in their use of space and food (Figs. 6 and 7). Large
Sacramento suckers stay on the bottom in deep pools feed-
ing on algae, detritus, and associated small invertebrates.
They may move into shallower or swifter water to feed at
night. Juvenile suckers and cyprinids remain throughout
the day and night in shallow water of stream edges, the
smallest fish in the shallowest water. The distribution of small
fishes is a careful balancing act between avoidance of preda-
tory pikeminnow in deep water and avoidance of predatory
herons and kingfishers in shallow water. Fish less than 3 cm
long are too small for most vertebrate predators to eat, but
fish between 3 and 15 cm are perfect prey for both large fish
and predatory birds. They thus tend to congregate in water
of intermediate depth (50-90 cm) close to deep cover.
Small pikeminnow feed mainly on aquatic insects from
both the bottom (benthos) and the surface and water col-
umn (drift). Small schools of juvenile pikeminnow are com-
monly seen swimming close to the edges of pools and runs,
foraging on anything small that falls into the water. Large

pikeminnows are hunters of large invertebrates, especially
crayfish and small fish, including sculpins, juvenile
cyprinids, and suckers. They feed most intensively around
dawn and dusk, when prey have a hard time seeing them
coming, and cruise about large pools during the day, cap-
turing occasional prey with a sudden rush. They will also
feed on moonlit nights.

Hardhead poke about the bottom for aquatic insect lar-
vae, occasionally rising to the surface to take drifting insects.
The feeding habits of large (=20 cm TL) adult hardhead are
similar to those of smaller fish, but they are more omnivo-
rous, often browsing on filamentous algae and large hard-
shelled invertebrates, especially crayfish. Like pikeminnows,
they spend a great deal of time cruising about deep pools,
but they are usually closer to the bottom.

Rainbow trout, when present, are most abundant in the
riffles, where they take advantage of large rocks that break
the flow. Usually a favorable spot behind a rock will be de-
fended as a feeding territory by one trout against others of
its kind (and probably against other species as well). The
trout feed primarily on drifting insects, but they also pick
up a few bottom invertebrates and small fish. In pools trout

are found mostly in turbulent inflowing waters where they
have first chance at insects that float in. Like trout, sculpins
and speckled dace are found mostly in riffles and behave as
they do in the rainbow trout assemblage, although sculpins
tend to be absent from lower elevations and may be re-
placed in warmwater riffles by dace. Another bottom-
oriented fish found in this assemblage at times is tule perch;
individuals hang out under deep cover in pools but often
forage in faster water.
This description of resource subdivision by the fishes
is obviously an idealized picture of interactions in un-
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Figure 6. Cross section of a pool containing the pikeminnow-hardhead-sucker assemblage in the Sacramento—San Joaquin drainage.
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disturbed sections of stream that are without introduced
fishes or heavy fishing pressure. The actual relationships
among the species vary from place to place with the relative
abundance of each species.

Deep-bodied fishes assemblage. Before the Sacramento
and San Joaquin Rivers were reduced in flow and confined
between levees, a unique assemblage of fishes occupied the
warm waterways of the valley floor, including sluggish river
channels, oxbow and floodplain lakes, swamps, and sloughs.
The fishes of this assemblage were found in a variety of
habitat types ranging from stagnant backwaters and shal-
low tule beds to deep pools and long stretches of slow-
moving river. Deep-bodied fishes (Sacramento perch, thick-
tail chub, tule perch) and juvenile fishes predominated in
the weedy backwaters while specialized adult cyprinids
(hitch, blackfish, splittail) occupied the large stretches of
open water. Large pikeminnows and suckers also lived here
in abundance, migrating upstream to spawn in tributaries
in spring. Anadromous salmon, steelhead, and sturgeon
passed through the zone on their way upstream to spawn.

A key habitat contributing to the abundance of the na-
tive fishes was the floodplains along the Sacramento and
San Joaquin Rivers and their larger tributaries. These areas,

supporting dense riparian forests and a wide variety of wet-
lands, filled with water in response to winter rains and
spring snowmelt. In most years, inundation occurred be-
tween February and April, sometimes extending well into
summer in wet years. The flooded areas were presumably
immensely productive of small invertebrates with rapid life
cycles, such as chironomid midges and water fleas (Clado-
cera) (as are now found on the limited areas still available
for flooding). Not surprisingly, the native fishes were
adapted for using the flooded areas. Small salmon moving
downstream would tarry until the waters started to recede,
growing rapidly and protected from predation by the dense
vegetation. Juveniles of stream-spawning cyprinids and
suckers also moved in and out of the floodplain to feed and
grow. Adult splittail, Sacramento blackfish, and perhaps
thicktail chub moved onto flooded areas to spawn, their em-
bryos sticking to the vegetation, hatching in time to take ad-
vantage of the abundance of small prey.

Perhaps the most productive year-round habitats for
adult deep-bodied fishes historically occurred in Kern,
Buena Vista, and Tulare Lakes of the San Joaquin Valley
floor. These were huge, shallow, interconnected lakes that
filled each year with snowmelt waters from the Kern, Tule,
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Kaweah, and Kings Rivers. During the wettest years, they ~ (3) pikeminnow-hardhead-sucker assemblage, (4) intro-

o e S N T NG "_."":_' ; would be united as one giant lake, but even during mod- duced warmwater fishes assemblage, and (5) rough sculpin—
!\ /.'7'“ < '_.-’_’\s urprise :\’2("‘,3\’/—(“5{«1: S N erately wet years, Tulare Lake would cover roughly 80,000  marbled sculpin assemblage (Fig. 8).

i R SPUAR S ha (120 X 40 km) (Haslam 1989). In years of extreme The rainbow trout assemblage is basically the same as
ey o ; drought, the lakes may have dried up completely or nearly ~ the various combinations of one to three species that make
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Figure 8. Distribution of fish assemblages of the Pit River drainage. After Moyle and Daniels (1982).

so. Most of the time, however, they supported immense
populations of fish, providing a steady source of food for
the native peoples and huge flocks of piscivorous birds.
Archaeological and anecdotal evidence indicates that
Sacramento perch, thicktail chub, Sacramento blackfish,
Sacramento pike-minnow, and Sacramento sucker were
the most abundant fishes in the lake (Ellis 1922; Gobalet
and Fenenga 1993). The pikeminnows, suckers, and black-
fish apparently migrated up the inflowing streams to
spawn in spring and were harvested there by the Yokut
people and by early Euro-American settlers. Despite the
presence of commercial fisheries for turtles, frogs, and fish,
the lakes were diked and drained for agriculture in the late
19th century (Haslam 1989). The fish were confined to
ditches and sloughs and then largely replaced by alien
species, such as white catfish and common carp. The lakes
reappear in exceptionally wet years when floods rush down
the old river channels again, and theyare quickly colonized
by fish, mostly alien species.

The other habitats once occupied by this assemblage
have also changed drastically. Most of the water flows
through human-modified channels, and the once vast tule
beds have been reduced to remnants. The native fishes have
consequently either been extirpated or else reduced to a mi-
nor part of the fauna, living mostly in the least disturbed
sloughs. The dominant fishes today are all alien species:
largemouth bass, white and black crappie, bluegill, thread-
fin shad, striped bass, bigscale logperch, red shiner, inland
silverside, white catfish, black and brown bullhead, and
common carp. Other alien fishes are present in lesser num-
bers. The alien fishes feed on alien invertebrates, such as
Corbicula clams and crayfish, and live among alien plants as
well. The fishes still form distinct assemblages associated
with different sets of habitat conditions (Brown 2000) but
the assemblages cannot be regarded as stable entities be-
cause the waters they occupy are continually changing in
quality and quantity and the assemblages shift as other alien
species become established.

Streams of Pit River Subprovince

The Pit River has a fish fauna similar to that of the Central
Valley, but some species are lacking while other species are
endemic to the watershed. There are five definable assem-
blages, mostly variations on the Central Valley theme,
but with one that is an original composition: (1) rainbow
trout assemblage, (2) Pit sculpin—dace~sucker assemblage,

up this assemblage in the Central Valley. It occupies cold
high-elevation tributaries, and rainbow (or redband) trout
are the most abundant species. The trout are often joined by
Pit sculpin and Sacramento sucker.

The Pit seculpin-dace-sucker assemblage occupies
the small, numerous second- and third-order streams in
the drainage; it is similar to the one described as part of the
rainbow trout assemblage in Central Valley streams, where
four species are present. However, in Pit streams, trout are
usually a minor part of the assemblage (perhaps a recent de-
velopment caused by removal of riparian vegetation by
grazing livestock). The streams have summer temperatures
of 20-25°C, moderate gradients, and numerous pools.
They may become intermittent in dry years. The most
abundant fishes are speckled dace in pools and Pit sculpin
in riffles, but they are usually joined by Sacramento suckers
and rainbow’ or brown trout. Sometimes the local assem-
blage also contains California roach and juvenile Sacra-
mento pikeminnow. In a few small, isolated streams, Modoc
suckers are present rather than Sacramento suckers. These
streams are also characterized by unusually high densities of
speckled dace.

The pikeminnow-hardhead-sucker assemblage is vir-
tually the same as that found in the Central Valley, This as-
semblage is characteristic of the canyon sections of the main
Pit River and the lower reaches of its larger tributaries. In
most areas, it is characterized by rainbow trout, Pit sculpin,
and speckled dace as well as the distinguishing species. This
assemblage once occupied the Big Valley reaches of the Pit
River as well, but there it has been replaced by an intro-
duced warmwater fishes assemblage, which consists of
largemouth bass, golden.shiner, bluegill, green sunfish,
brown bullhead, channel catfish, and-Sacramento sucker. It
is similar in composition to the present-day deep-bodied
fish assemblage of the Central Valley.

The rough sculpin-marbled sculpin assemblage is the
most distinctive fish assemblage of this region. It occurs in
spring-fed streams that are cold, deep, and clear and that are
extraordinarily constant in their characteristics, reminiscent
of lacustrine habitats. The largest examples of these streams
are Fall River and lower Hat Creek, Other species character-
istic of this assemblage are tui chub, rainbow trout, and
Sacramento sucker. Species such as pikeminnow, hardhead,
and Pit sculpin are remarkably rare. Pit sculpin are appar-
ently excluded from the rivers because of their inability to
avoid predators on pale, sandy stream bottoms, while rough
and marbled sculpins not only avoid predation but segregate
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from each other in microhabitat use and diet (Daniels 1987;
Brown 1991). Streams with this assemblage also contain a
number of endemic invertebrates, including the endangered
Shasta crayfish (Pascifasticus fortis).

San Francisco Estuary

The San Francisco Estuary (Sacramento—San Joaquin Estu-
ary) is the largest estuary in California; it has a unique and
complicated physical structure, which influences how it is
used by fish. It consists of three distinct segments: the Delta,
Suisun Bay, and San Francisco Bay (Fig. 9). The Delta is the
uppermost part of the estuary, the footprint of what was
once a vast, varied wetland, dissected by meandering chan-
nels of the united waters of the Sacramento and San Joaquin
Rivers. The Delta narrows between two headlands before
connecting with Suisun Bay, a large, shallow, and highly
productive expanse of brackish water, strongly influenced
by tides. The bay and its associated marshes (mainly Suisun
Marsh on its north side) have been major nursery areas for
fishes living in the estuary. Suisun Bay is connected to San
Pablo Bay, as the upper portion of San Francisco Bay is
called, through a long, narrow channel, Carquiniz Straits.
San Francisco Bay is basically a marine environment, al-
though salinities can be appreciably diluted by fresh water
during high-outflow years, allowing freshwater fishes to
move into tributary streams.

When river flows were high in spring, the historical Delta
was a morass of flooded islands and marshes. In late sum-
mer, when river flows were low, the islands and marshes,
protected by natural levees deposited by floods, were often
surrounded by saline water pushed upstream by tides. The
Delta merged imperceptibly with freshwater marshes that
once covered the valley floor; its fishes were a mixture of
fresh- and saltwater species. Besides native freshwater fishes
such as thicktail chub, hitch, blackfish, and pikeminnows, it
contained fishes that live nowhere else in the system (delta
smelt), anadromous fishes that spent part of their life cycle
there (white sturgeon, chinook salmon, longfin smelt,
Pacific lamprey), marine fishes that spent juvenile stages
there (staghorn sculpin, starry flounder), and freshwater
fishes that could tolerate salinities of 15-20 ppt or higher
(Sacramento perch, tule perch, splittail, prickly sculpin).
Most fishes fed on abundant crustaceans, especially opos-
sum shrimp (Neomysis mercedis), amphipods (Corophium
spp.), and cyclopoid copepods. Because some native fishes
are extinct and all others are reduced in numbers, and be-
cause the Delta of today bears only a superficial resemblance
to the Delta of yesteryear, we have only limited understand-
ing of how native fishes interacted with each other and their
environment, We know only that they were enormously
abundant, and so were important as food to native peoples
and supported the commercial fisheries of the 19th century.
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Today’s Delta still consists of islands surrounded by lev-
ced channels. The islands are intensively farmed and the
channels are dredged. The levees surrounding each island
are artificially maintained to keep out floodwaters, a task
made increasingly difficult because most Delta islands are
now below sea level, In places, it is possible to stand on the
deck of a high boat and peer over a levee to see farmland
several meters below water level, The islands are “sinking”
because agricultural practices over the past century have al-
lowed the peaty soil to oxidize, turning organic matter into
carbon dioxide and contributing to the “greenhouse effect”
that is leading to global warming. Every year a few centi-
meters of soil vaporize or blow away as dust, and every year
island surfaces become lower. The probability of island
flooding has been reduced somewhat by numerous up-
stream dams that store much of the runoff (except during
really wet years). The dams release their captured water dur-
ing summer, so flows through the Delta are higher than they
would have been historically. Much of this water does not
flowin a normal downstream pattern through the Delta but
instead flows across the Delta thanks to the insatiable thirst
of the huge pumps of the State Water Project and the fed-
eral Central Valley Project in the south Delta. This peculiar
flow pattern makes the Delta a freshwater environment all
year round in most years. At times it also results in the lower
San Joaquin River actually having a net flow backwards, to-
ward the pumps, for many days. As if change in flow pat-
terns were not enough, there are also hundreds of un-
screened irrigation diversions within the Delta, constant
addition of pollutants (especially agricultural chemicals),
and continual invasions of alien species. Overall, the Delta
and the rest of the estuary have become a suboptimal envi-
ronment for most native fishes, as well as an environment
that is likely to keep changing dramatically if diversions,
pollution, and invasions are not better regulated (Herbold
et al. 1992; Bennett and Moyle 1996).

Delta fishes are virtually the same as those in Suisun Bay,
although the bay is more likely to contain euryhaline ma-
rine species and the early life history stages of estuarine-
dependent species such as striped bass, delta smelt, and
longfin smelt. The importance of Suisun Bay as a rearing
area for the fishes is related to its salinity, which in turn is
tied to freshwater outflow. The annual success of a number
of species is tied to the amount of low-salinity water in Su-
isun Bay, as measured by the position of the 2-ppt bottom
salinity isohaline (Jassby et al. 1996); the further “down-
stream” the isohaline, the more likely the young of Delta
fishes will be to have high survival rates. Unfortunately, the
value of Suisun Bay as a nursery area has been compromised
by invasions of alien copepods, amphipods, shrimp, crabs,
and clams, which now dominate both the benthos and the
plankton. In particular, the overbite clam, Potamocorbula
amurensis, has become so abundant in Suisun Bay in recent
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Figure 10. Food web involving striped bass in the Sacr
the estuary, their principal prey is juvenile striped bass,
taceans. The opossum shrimp is a predator on small zooplankton,
Kegley et al. (1999).
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years that it has converted the system from one in which
most energy flows through plankton to one in which it flows
through the benthos (and is tied up in the large biomass of
clams). As a result there is less zooplankton available for fish
or mysid shrimp, probably resulting in decreased growth
and survival of a number of species.

Not surprisingly, the fish fauna of the Delta and Suisun
Bay is today in a general state of decline. Even if the Delta en-
vironment was more conducive to fish life, it is unlikely that
fish assemblage structure and composition would remain
predictable through time. The present fauna is a conglomer-
ation of 40 or so freshwater, estuarine, and euryhaline marine
species, about half of them introduced. The introduced
species tend to be the most abundant fishes. Native fishes
are an increasingly minor part of the fauna, although the es-
tuary is the principal or only habitat for delta smelt, longfin
smelt, and Sacramento splittail. Species segregation is not
well developed, given the changing nature of both environ-
ment and fauna, and groups of co-occurring species are at
best temporary alliances. However, well-established species
do differ somewhat in salinity preferences, feeding habits,
distribution patterns, and seasonal movements. Because eco-
logical differences among species in the upper estuary are

. poorly defined, it is easiest to describe the fishes in terms of

loose feeding guilds: planktivores, small benthic predators,
bottom-feeding omnivores, and piscivores.

There are currently six principal planktivores in the
Delta, besides larval fishes. Delta smelt and threadfin shad
feed in open water on copepods in freshwater regions
whereas longfin smelt feed in open water on copepods and
opossum shrimp in brackish areas. Delta smelt tend to live
in main channels (or Suisun Bay); threadfin shad tend to
concentrate in the warmer backwaters in the upper Delta.
The ecology and feeding habits of juvenile striped bass are
similar to those of longfin smelt, but they eventually switch
to feeding on other fish (Fig. 10). American shad are also
plankton feeders, but they only enter the upper estuary on
a seasonal basis, whereas hitch and inland silversides con-
sume plankton in shallow sloughs or along the edges of
channels. Silversides may move offshore to feed at times and
compete directly with smelt and other pelagic species. They
also prey on eggs and larvae of other fish.

Small benthic predators include native prickly sculpin,
tule perch, starry flounder, juvenile white sturgeon, juvenile
splittail, and staghorn sculpin, as well as introduced yel-
lowfin goby, shimofuri goby, bigscale logperch, and juvenile
catfishes. Important prey for this group are amphipods (es-
pecially Corophium species) and opossum shrimp. The na-
tive and introduced fishes have the potential to be in direct
competition if any of their benthic prey becomes limiting,
because their habitat requirements and feeding habits over-
lap widely. The invading shimofuri goby may owe its aston-
ishing success in part to its exploitation of food sources not

used by either natives or other exotics, mainly nonnative
barnacles and hydroids (Matern 1999).

Three bottom-feeding omnivores in the system are
common carp, adult splittail, and Sacramento sucker. Their
diets contain a large amount of detritus of uncertain food
value, as well as a variety of small benthic invertebrates.

Among the more abundant piscivores in the Delta are
striped bass, white catfish, channel catfish, and largemouth
bass. This group preys on smaller resident and migratory
fishes, such as juvenile salmon and steelhead. They presum-
ably replaced a suite of native piscivores including Sacra-
mento perch, thicktail chub, Sacramento pikeminnow, and
steelhead.

In some respects, the limited feeding and habitat segre-
gation among the fishes, native and nonnative, reflects their
ability to adapt to the presence of other fishes. Indeed, most
native and alien fish populations show some concordance
in their fluctuations in response to long-term environmen-
tal variation (Meng and Moyle 1995). Persistent, predictable
assemblages of fishes are lacking, however, and there is
little evidence of strong interactions among most species.
Even striped bass, the top predator in the system (with the
exception of humans), feeds largely on its own young under
most circamstances. Historically, juvenile striped bass and
many other fishes fed mainly on abundant opossum
shrimp. When opossum shrimp declined, juvenile bass and
other alien species switched to a more generalized diet
(Feyrer 1999). In contrast, native fishes switched to alterna-
tive prey species, suggesting greater specialization. Never-
theless, the natives still seemed to suffer greater declines in
abundance than the aliens.

Clear Lake

Clear Lake is now the largest natural freshwater lake com-
pletely within California’s borders. It is perched in the coast
range at an elevation of 402 m, with a surface area of about
17,670 ha, an average depth of 6.5 m, and a maximum depth
of 18 m. Sediment deposits show the lake to have been
highly productive for thousands of years, the result of its
warm (summer temperatures of 20-25°C), shallow waters,
well mixed by summer winds. Heavy summer blooms of al-
gae were no doubt present even before the arrival of civi-
lization, making the lake belie its modern name. Although
the name Clear Lake may have reflected wishful thinking on
the part of early real estate salesmen, it is likely that histor-
ically the algae blooms were not as severe or as persistent as
they are today. Native peoples who lived by the lake knew
better and called it Konocti (woman mountain) after the
dormant volcano that sits along one shore. They appreci-
ated the lake’s green productivity and harvested the abun-
dant fishes and birds.

The original native fish fauna consisted of ten resident
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species, distributed among three broad habitat types: (1)
shallow-water habitat, from the shore down to the limits of
rooted aquatic plant growth, probably seldom deeper than
4 m;j (2) offshore benthic habitat, consisting of the bottom
below the limits of aquatic plant growth; and (3) open wa-
ter habitat, the water column away from shore, from surface
to bottom. Native fishes living in the three habitats were ba-
sically lake-adapted variants of species that originally made
up the deep-bodied fishes assemblage in the Central Valley.
They probably formed distinct assemblages, unlike the
modern, more amorphous conglomeration of species.

The shallow water assemblage was dominated numer-
ically by large numbers of young-of-year cyprinids: hitch,
Sacramento blackfish, thicktail chub, and Clear Lake split-
tail. These “greenback minnows” and “silversides” greatly
impressed early visitors with their large, flashing shoals.
Presumably these fish fed on small planktonic organisms or
invertebrates associated with the large beds of tules and
other aquatic plants. Not surprisingly, three other fish
species living here were piscivores: Sacramento perch,
thicktail chub, and Sacramento pikeminnow. Young-of-year
tule perch were also common, picking small invertebrates
from aquatic plants and the bottom. Threespine stickle-
backs may have been abundant among the plants and in the
tule beds, as were the larvae and small juveniles of species
like hitch and splittail.

The offshore benthic assemblage, consisted mainly of
prickly sculpin (an -invertebrate predator), Sacramento
sucker (a grazer on algae, detritus, and invertebrates), and
tule perch (a benthos picker). These fishes presumably sub-
sisted on huge populations of midge larvae that once occu-
pied the bottom. They were preyed upon by Sacramento
perch.

The open water assemblage was made up of schools of
juvenile and adult hitch, splittail, blackfish, and Sacramento
perch. The hitch, splittail, and perch fed on zooplankton
and emerging midges, whereas blackfish fed almost exclu-
sively on phytoplankton. All were pursued by large pike-
minnows and thicktail chub.

Besides these year-round residents, early records indi-
cate that anadromous steelhead rainbow trout and Pacific
lamprey entered through the lake’s outlet, Cache Creek, and
then spawned in tributaries. Such migrations were halted by
the construction of Rumsey Dam in 1914,

Today native assemblages of fish in each habitat have
been largely replaced by poorly defined assemblages of in-
troduced species. At least 16 introduced fishes are now es-
tablished in the lake, and only 4 of the native species still
maintain large populations: hitch, blackfish, tule perch, and
prickly sculpin. Although each introduced species has
definite habitat and food preferences, both the lake habitat
and composition of the fish fauna are still changing. For ex-
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ample, the inland silverside, introduced in 1967, quickly be-
came the most abundant fish in the lake. In shallow water it
largely replaced bluegill as the dominant fish, just as bluegill
apparently replaced the small minnows once so abundant
there. The most recent introduction (1985) has been a
pelagic planktivore, threadfin shad (Anderson et al. 1986),
which has become enormously abundant, causing major
changes to the ecosystem and possibly threatening the per-
sistence of Clear Lake hitch (Colwell et al. 1997). The shad
died off in a cold winter but reestablished and at times is
even more abundant than the silverside.

Central Valley Reservoirs

Ever since Europeans settled in California, the rivers of its
great Central Valley have been a source of both admiration
and frustration. They were admired for their abundant
flows and potential for making the rich soils of the valley
floor yield crops, but their fluctuations from raging spring
floods to quiet summer trickles made the success of
farming endeavors frustratingly unpredictable. The set-
tlers’ response was to build dams and store the water in
reservoirs. Construction of dams, always a major activity
in the Central Valley, gained momentum with the advent
of major dam building by the federal Central Valley
Project starting in the 1940s and the State Water Project in
the 1960s. Reservoirs are now one of the major fish habi-
tats in California, although one of the least studied from a
community or ecosystem perspective. The nature of each
reservoir and its fish fauna is determined by its elevation,
size, location, and water quality. In general, reservoirs are
less productive per unit surface area than are lakes, be-
cause their deep, steep-sloped basins and fluctuating
water levels greatly limit habitat diversity and productiv-
ity. Although the agencies that build reservoirs may call
them lakes (e.g., Lake Shasta), such names are deceptive
and raise expectations that the reservoirs will be as pro-
ductive of fish as are natural lakes. Because reservoirs are
decidedly not lakes, in this volume they are labeled truth-
fully (e.g., Shasta Reservoir).

California reservoirs vary from clear, oligotrophic, cold-
water impoundments at high elevations to turbid, eu-
trophic, warmwater impoundments at low elevations. Most
lie at middle elevations in the foothills. These reservoirs of-
ten support warmwater fishes in surface and edge waters
and salmonids in deeper, cooler water. Salmonid popula-
tions can be lost, however, during periods of drought, when
reservoir levels are low. In some warm reservoirs they are
maintained mainly by planting trout or salmon to create a
winter fishery. The midelevation reservoirs are of two main
types, with different fish communities: water supply reser-
voirs and power supply reservoirs.

Water supply reservoirs have many purposes but mainly
supply water for irrigation and urban uses. They are filled
during winter and spring and drained during summer. The
size of the minimum pool left at the end of each year is de-
termined by the balance between water supply and demand.
These reservoirs support mainly introduced fishes, al-
though Sacramento sucker usually manage to remain abun-
dant in them. In many cases, native hardhead and pike-
minnow were extremely abundant in these reservoirs for the
first ten years or so after filling. These fish colonized from
the dammed streams and developed large populations be-
cause of the initial scarcity of introduced predators and
competitors. As populations of introduced fishes, especially
centrarchid basses, grew, hardhead and pikeminnow popu-
lations showed little recruitment and eventually died out,
even though they remained abundant in streams feeding
the reservoirs. In a few reservoirs, hitch or tui chubs, often
introduced as forage for game fish, have remained abun-
dant. The exact species composition of each reservoir varies
with the history of the introductions, but some nonnative
species are now almost universal in occurrence: bluegill,
green sunfish, largemouth bass, spotted bass, smallmouth
bass, common.carp, golden shiner, threadfin shad, black

. crappie, brown bullhead, white catfish, channel catfish,

western mosquitofish, and rainbow trout (hatchery strains).
It is possible to divide typical midelevation reservoirs into
four broad habitats, each with a more or less distinct sum-
mer fish assemblage: (1) littoral, (2) epilimnetic, (3) hy-
polimnetic, and (4) deepwater benthic. These assemblages
are not stable entities but change in response to reservoir
drawdowns, which can affect reproductive success or force
species from their normal habitats.

Littoral habitat occurs along the edges, down to the
depth of light penetration or to the upper limits of the
thermocline, whichever comes first. It is the habitat most se-
verely affected by fluctuating water level, because it may be
alternately flooded or exposed within relatively short peri-
ods of time. Despite the fluctuations, large numbers of fish
are found here. Bluegill, largemouth bass, and golden shin-
ers (or occasionally tui chubs, hitch, or inland silversides)
live close to the surface near shore. Mosquitofish stay in the
flooded grass in very shallow areas. Brown bullheads, white
catfish, channel catfish, and carp stay near the bottom. Black
crappie cluster around submerged boulders and logs dur-
ing the day, moving out into open water to feed on plank-
ton and fish in the evening. Reproduction is a problem for
most fishes, because a sudden drop in water level may ex-
pose a nest of embryos, and a sudden rise can submerge it
to unfavorable depths. The types of fishes occupying this
habitat may change in an upstream direction, because most
reservoirs become more riverine near their main inflowing
river. This is particularly noticeable among centrarchid

basses; smallmouth bass tend to be dominant at the upper

end, largemouth bass in more lacustrine areas, and spotted

bass in intermediate habitats.

Epilimnetic habitat occupies the well-lighted, well-
oxygenated surface waters away from shore and above the
thermocline. The fish fauna here is perhaps the most vari-
able from reservoir to reservoir. Because its primary means
of supporting fishes is the zooplankton to which it is home,
it contains three main types of fish: (1) plankton-feeding
larvae of littoral fishes, especially bluegill and other cen-
trarchids; (2) plankton-feeding adult fishes; and (3) fishes
that prey on the plankton feeders. The population biology
of planktonic larval fishes in reservoirs is poorly under-
stood, but it is likely that plankton-feeding fishes, notably
threadfin shad, reduce their numbers through predation
or through the reduction of zooplankton populations.
Threadfin shad are the typical plankton-feeding residents of
this habitat despite the fact that they were not introduced
into the Central Valley until 1959. Other zooplankton graz-
ers that may occupy this zone, mostly in reservoirs that lack
threadfin shad, are hitch, tui chub, wakasagi, and American
shad. Striped bass are the chief epilimnetic predator in some
reservoirs, although their inability to spawn in most means
that they must be introduced on a regular basis. Fish from
other zones also prey on epilimnetic fish, especially those
that venture close to shore.

Hypolimnetic habitat occupies the cold (>20°C) water
below the thermocline in reservoirs deep enough to stratify
during summer months. The main inhabitants are rainbow
trout, which often enter the epilimnion in the evening or at
night to feed on whatever forage fish are most abundant.
Kokanee salmon are also commonly present, but they stay
in the cold depths in the summer months, feeding on zoo-
plankton.

Deepwater benthic habitat is on the bottom, below the
thermocline and usually below the limits of light penetra-
tion. It is the one zone in which native fishes, especially
prickly sculpin and Sacramento sucker, may predominate.
White and channel catfish also may live in this zone, but
they usually move into littoral areas to feed at night,

Power supply reservoirs are uncommon compared with
water supply reservoirs because they are dedicated solely to
providing a constant flow of water for running electric gen-
erators. Examples include the chain of five reservoirs on the
lower Pit River (Britton is the largest) and Kerckoff and
Redinger Reservoirs on the San Joaquin River. These reser-
voirs typically are not drawn down during summer but are
maintained at a fairly constant level, although this level may
fluctuate by 1-3 m on a daily or weekly basis. Short-term
fluctuations in water level inhibit the development of an as-
semblage of introduced littoral fishes because there is lim-
ited habitat for nesting or cover for juveniles. Because of the
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rapid turnover of the water, these reservoirs may also have
lower summer temperatures than water supply reservoirs at
the same elevations. In many respects, they are like giant
stream pools, and, as a consequence, they may favor native
stream fishes (Vondracek et al. 1988b). The most abundant
fishes are hardhead, Sacramento pikeminnow, and Sacra-
mento suckers, all of which spawn in inflowing streams.
Their young are abundant in littoral areas of the reservoirs,
often cruising about in large schools and preyed upon by
adult pikeminnows. In Britton Reservoir, tule perch are
abundant as well, with adults feeding mainly on benthos
and young-of-year on zooplankton; rough sculpin and
marbled sculpin live on the reservoir bottom, also feeding
on benthic insects.

North Coast Streams

North of San Francisco Bay there are dozens of streams that
flow directly into the ocean without entering a major river
system. These streams are highly variable in physical char-
acteristics, ranging from warm, intermittent streams to
permanent, cold-flowing streams. Because they drain low
mountain ranges that do not develop snow packs, North
Coast streams have flow patterns that reflect rainfall. They
may be raging torrents in winter and spring (in response to
rainstorms) but quiet trickles in the summer, Most also have
high gradients and flow rapidly to the sea, although a few
larger streams meander across floodplains in their lower
reaches. All North Coast streams were drastically altered by
the mammoth rainstorms of 1955 and 1964, which caused
massive erosion of heavily logged, steep slopes all along the
coast, burying streambeds and estuaries with gravel and de-
bris. Many deep, narrow, meandering channels were con-
verted overnight to wide, shallow, braided channels, with
little habitat for pool-dwelling fishes such as juvenile coho
salmon.

Despite variation in temperature regime, flow, and lo-
cality, North Coast streams are similar in the composition
of their fish faunas, which consist largely of anadromous
species and euryhaline freshwater and marine species. The
major exception is the Russian River, which contains most
of the freshwater dispersant species found in Central Valley
streams$. However, other streams also contain freshwater
dispersants (California roach, Sacramento sucker, or both)
that have entered coastal drainages through former con-
nections with interior systems. Usually three intergrading
fish assemblages may be recognized: (1) resident trout, (2)
anadromous fishes, and (3) estuarine fishes.

The resident trout assemblage occupies the uppermost
reaches of larger watersheds. Typically, it occurs above nat-
ural barriers that halt upstream migration of anadromous
fishes or in streams accessible only to steelhead. The water
is cold, swift, and well oxygenated; rocky riffles are the pre-
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dominant habitat type. Rainbow trout are the most com-
mon fish, although cutthroat trout occur in a few streams
from the Eel River northward. Usually no other species are
present. Smaller streams that contain only juvenile steel-
head or coastal cutthroat trout (or both species) are similar.

The anadromous fishes assemblage exists as far up-
stream as fishes can migrate and downstream to reaches in-
fluenced by tidal action. Although the water in stream
reaches occupied by this assemblage is also cold and fast
flowing, pools become increasingly large and frequent as
the streams approach the sea. Between pools there are long
stretches of shallow riffles over rock, gravel, or sand, used
for spawning by coho salmon (and chinook salmon in
larger streams, such as the Eel and Mattole Rivers), rainbow
trout (steelhead), and Pacific lampreys. Young coho salmon
and trout usually spend a year or two in streams before mi-
grating to sea, but ammocoetes of lampreys live in silty
backwaters and stream edges for at least four to five years.
This assemblage may also contain nonmigratory threespine
stickleback, as well as prickly and coastrange sculpin. The
sculpins are most abundant close to the stream mouths be-
cause both have larval stages that live in estuaries or large,
quiet pools. Large prickly sculpins, however, are often found
many kilometers upstream, although in low numbers.

The only native freshwater dispersant species likely to be
part of this assemblage are California roach and Sacramento
sucker. They are found in creeks tributary to Tomales Bay,
Gualala River (roach only), Navarro River, Eel River (sucker
only), Bear River (sucker only), and Mad River (sucker only).
California roach, however, have been introduced into the Eel
River, as have pikeminnow and speckled dace (Brown and
Moyle 1996).

At present, ecological interactions among species in the
anadromous fishes assemblage appear minimal, presum-
ably because environmental fluctuations (especially the cy-
cle of floods and droughts) may keep the populations of
most fishes from reaching numbers at which food and space
are limiting. There is some broad segregation by habitat, Ju-

venile steelhead and coho are found mainly in the smaller, -

colder streams, whereas coho are usually most abundant in
pools and steelhead in the riffles. These species segregate in
partas a result of aggressive interactions and in part by size.
In larger reaches of the Eel River, California roach, three-
spine stickleback, Sacramento sucker, and juvenile steelhead
showed wide overlaps in diet and use of space until
pikeminnows invaded. These predators now keep smaller
fishes out of much of the pool habitat they previously used,
limiting them to pool edges and riffles. As a result, a greater
degree of spatial segregation (less overlap in microhabitat
use) has developed among the four species (Brown and
Moyle 1991). The pikeminnows also appear to be depress-
ing chinook salmon populations through predation on out-
migrating young.

Prickly and coastrange sculpin are two similar species
with similar life history strategies (amphidromy). In most
streams they seem to show little ecological segregation and
occupy the same riffles in about equal numbers. In the
Smith River, however, they segregate by both depth and
velocity, with prickly sculpins concentrating in deep, slow
pools and coastrange sculpin concentrating in shallow, swift
riffles (White and Harvey 1999).

The estuarine fishes assemblage occupies reaches of
streams influenced daily by tides. The fishes consequently
experience reversing currents, fluctuating temperatures,
and salinity gradients on a daily basis. In some streams, such
as the Navarro River, the zone with the assemblage may be
4-5 km long, but more often than not it is less than 1 km in
length, usually ending at the first rocky riffle. The middle
sections are generally slow moving and shallow, but they oc-
casionally have depths of 2-3 m. At the lower ends there are
almost invariably lagoons behind wind-and-wave-piled
sand bars. Often wave action will seal the lagoons in sum-
met, separating them from the sea. The bottoms are mostly
sand or mixed sand and silt.

Species most common here (although not necessarily
all in one stream) are threespine stickleback, prickly
sculpin, coastrange sculpin, staghorn sculpin, topsmelt, starry
flounder, and tidewater goby. Marine species are frequently
present as well in the lowermost reaches. The sticklebacks
are usually migratory forms that spend much of their life
in the estuary or ocean migrating into fresh water to spawn.

In each stream, species tend to segregate according to
salinity tolerances, as illustrated by fishes found in this
zone of the Navarro River in August 1973, Starry flounder,
the sculpins, and threespine stickleback were common
throughout, from completely fresh water to the mouth.
Sacramento suckers disappeared before the salinity reached
1 ppt, although the largest concentration of adults ob-
served was just above the reach of salt water. California

roach dropped out at about 3 ppt, where shiner perch and
topsmelt started to become common. At 9-10 ppt, bay
pipefish suddenly appeared, living in beds of filamentous
algae. Staghorn sculpins were also first found here. Closer
to the ocean, at salinities of 23-28 ppt, staghorn sculpin,
shiner perch, and bay pipefish were abundant, and two
marine species, penpoint gunnel and saddleback gunnel,
made their appearances. Although no attempt was made
to sample the lagoon just above the mouth, later sampling
indicated that it contained more marine and euryhaline
fishes, together with young salmonids. In the spring,
the brackish parts are used for spawning by marine fishes
such as Pacific herring. Although the fish species found in
the Navarro River may not be typical of those in every
coastal stream, a downstream change in species is typical
of every stream with lower reaches long enough to possess
a salinity gradient. Lagoons are also frequently important

rearing areas for juvenile steelhead, cutthroat trout, and
coho salmon.

Klamath Province
Lower Klamath River

The lower Klamath drainage consists of the Klamath River
below Klamath Falls, the Trinity River, and more than 200
smaller tributary streams. The system is, on the basis of its
physical characteristics and fish fauna, essentially a large
coastal stream. Although second in size in California only to
the Sacramento River, it lacks the warm, lowland habitat
that fostered evolution of the more complex fauna of the
Sacramento—San Joaquin system. Instead, it contains cold,
fast-flowing, rocky-bottomed streams throughout most of
the watershed. In addition, the river’s geologic history has
made colonization by freshwater dispersant fishes difficult.
Thus the fish fauna is dominated by anadromous and am-
phidromous fishes: Pacific lamprey, threespine stickleback,
green sturgeon, American shad (introduced), eulachon,
chinook salmon, coho salmon, steelhead rainbow trout,
coastal cutthrqat trout, coastrange sculpin, and prickly
sculpin. As indicated for North Coast streams, salmonids in
the lower Klamath system presumably segregate by various
means, feeding on aquatic and terrestrial invertebrates in
different microhabitats. They spend anywhere from a few
months to two years in the streams before moving out to
sea. The roles of other anadromous fish are less well under-
stood. Eulachon larvae are rather quickly washed into the
estuary, whereas young green sturgeon and American shad
may spend a year or more in the deep pools of the main river
before going to sea.

In addition to anadromous fishes, there are abundant
species that spend all or most of their life cycle in fresh wa-
ter: nonanadromous rainbow and cutthroat trout, marbled
sculpin, brown trout (introduced), speckled dace, and Kla-
math smallscale sucker. The assemblages are as described
for coastal streams: (1) a resident trout assemblage in the
upper reaches of tributaries, (2) a mixed anadromous
fish-resident fish assemblage in the main river and most
tributaries, and (3) an estuarine fishes assemblage in the
lower 5-6 km of river. A fairly typical combination of
species making up the assemblage in tributary streams is ju-
venile steelhead, suckers, dace, and both species of sculpin,
although marbled sculpin replace the coastal species up-
stream. The four to five species segregate much as species do
in the rainbow trout assemblage of Central Valley streams.
Juveniles of other anadromous species may join on a sea-
sonal basis, with actual numbers varying considerably from
year to year, depending on the number of adult spawners in
the previous year. The carcasses of spawned-out adult
salmon and lampreys are an important source of energy for

KLAMATH PROVINCE 39




the food webs of these tributary streams, so the number of
spawning fish may also indirectly affect the abundance of
resident species, as well as the food available to their own
young. In short, for biological reasons alone, the fish as-
semblages of Klamath tributaries are highly dynamic.

Construction of reservoirs on the main river and gravel
pits along its side have permitted invasion of warmwater
fish assemblages in recent years—a combination of intro-
duced species (e.g., yellow perch, fathead minnow, pump-
kinseed sunfish, largemouth bass, and brown bullhead), na-
tive species washed downstream from the upper Klamath
River, and the original resident fishes.

Upper Klamath River

The upper Klamath drainage has fish assemblages that are
very different from those of the lower Klamath drainage.
The fauna is dominated by freshwater dispersant fishes
rather than anadromous fishes. This makeup is due in part
to the geologically recent connection between the two sys-
tems and in part to large, shallow lakes of the upper Kla-
math basin (Upper and Lower Klamath Lakes and Tule
Lake), which have no counterparts in the lower Klamath
River. Historically, chinook salmon and steelhead entered
this region, spawning in tributaries to the large lakes in Ore-
gon. They can now reach only the base of Iron Gate Dam in
California. The dams that created Copco and Iron Gate
Reservoirs have, however, extended downstream the habitat
suitable for upper Klamath fishes.

Four species of upper Klamath fishes are primarily lake
dwellers: Klamath Lake sculpin (Cottus princeps), slender
sculpin (C. tenuis), shortnose sucker, and Lost River sucker.
The two sculpins are not yet recorded in California but can
be expected from Klamath River reservoirs. The two suck-
ers spawned in large numbers in the Lost and Klamath
Rivers, but the young were quickly washed into the lakes,
presumably to assume the planktonic and benthic feeding
habits of the adults. Native fishes that are found in streams
aswell as lakes include a complex of nonmigratory lampreys
related to the Pacific lamprey, rainbow trout, Klamath
largescale sucker, blue chub, Klamath tui chub, speckled
dace, and marbled sculpin. The lampreys include both non-
predatory brook lampreys and predatory forms adapted for
living in large lakes and rivers and preying on large suckers
and minnows. The Klamath largescale sucker is the typical
bottom-feeding sucker of the system. Blue and tui chubs are
(or were) the most abundant fishes in Klamath and Tule
TLakes. Just how the two rather similar species segregate eco-
logically is not clear, because both are opportunistic omni-
vores. Blue chubs, however, will ascend farther up small
tributary streams than tui chubs. Speckled dace and mar-
bled sculpin are primarily stream dwellers but will also live
in rocky-bottomed shallows of lakes, where conditions are
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similar to riffle habitat. In recent years, introduced species
have become more important than natives in the lakes and
reservoirs: wakasagi, yellow perch, and pumpkinseed in
Copco and Iron Gate Reservoirs, and Sacramento perch
in Clear Lake Reservoir and the Lost River. Fathead min-
nows especially have experienced a population explosion
in the lowland lakes in recent years, so the ecosystem may
be undergoing further dramatic changes. The key to restor-
ing the health of the lakes and streams of the upper Kla-
math basin is restoration of conditions that favor native
fishes, especially improving stream flows, reducing nutri-
ent input from the watershed, and restoring marshlands
and riparian areas.

Great Basin Province
Lahontan Streams

Streams of the drainage of ancient Lake Lahontan rush
down the steep eastern slopes of the Sierra Nevada, slowing
occasionally to meander through alpine meadows. Eventu-
ally they empty into large lakes or desert sinks. The turbu-
lent flows ensure that stream water temperatures remain
low enough to support trout even at low elevations, and the
low temperatures have limited the success of introduced
warmwater fishes. In streams, the native fish assemblages
are largely intact, although native cutthroat trout have been
largely replaced by rainbow, brown, and brook trout. The
ecology of the native fishes is fairly well understood, prima-
rily because of intensive studies of two small streams: Sage-
hen Creek (Seegrist and Gard 1972; Erman 1973, 1986;
Gard and Flittner 1974; Decker 1989) and Martis Creek
(Moyle and Vondracek 1985; Strange et al. 1992).

Fish assemblages are hard to define because, as streams
increase in size and habitat diversity, native fish species are
added but seldom removed. In addition, the single native
trout, Lahontan cutthroat trout, has been replaced by three
nonnative species. Headwaters usually contain only trout,
most commonly brook trout that are replaced by rainbow
and brown trout atlower elevations. Usually the first species
other than trout to appear in a downstream direction is
Paiute sculpin. As gradients decrease and pools and runs be-
come more common, Tahoe sucker and speckled dace join
in, followed by Lahontan redside in deeper pools. In larger
streams, the assemblage is filled out by mountain sucker,
mountain whitefish, and tui chub.

The native fishes of Lahontan streams are morphologi-
cally diverse, and this characteristic presumably reduces
competition for food and space among species and results
in a well-defined assemblage structure (Fig. 11). In Martis
Creek, sculpin are primarily found in swift riffles, where
fast, shallow water seems to exclude other fish except trout.
They consume aquatic insects, especially mayflies (Ephe-
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meroptera) and stoneflies (Plecoptera). Speckled dace are
found, often in large numbers, in the slower water of shal-
low riffles and runs, where they feed on the bottom on lar-
val dipterans and early instars of mayflies and caddisflies
(Tricoptera). Joining dace in these habitats are juvenile
suckers, which hug the bottom in small schools, feeding on
crustaceans and small insects. Larger suckers live in deeper
water, especially on the bottoms of pools, feeding on algae,

detritus, and small insect larvae. Lahontan redsides also fa-

vor pools and concentrate in swift water at the upstream
ends of pools, where they eat drifting insect larvae and
winged adult insects. Juvenile redsides are found in slower,
shallower water at pool edges or in runs. Brown trout and
rainbow trout juveniles live in all habitats except deeper
pools occupied by predatory adult brown trout. Juveniles of
the two trout species use essentially the same microhabitats
and food (drifting insects) and so probably compete for
space and food. In contrast, adult rainbow trout tend to live

more in open water than adult brown trout, and they feed
on drifting terrestrial and aquatic insects.

The structure of this assemblage may have made it per-
sistent through time and resilient in the face of natural dis-
asters. However, addition of brown trout to the system
seems to have made more than one “steady state” possible.
In the original assemblage all species spawned in spring, as

_water levels rese from melting snow. As a consequence,

their numbers probably increased and decreased in syn-
chrony; if a year or series of years had poor conditions for
spawning ot survival of early life history stages, all would
suffer. Replacement of spring-spawning cutthroat trout by
rainbow trout probably did not alter the assemblage much
because rainbows also spawn in spring. However, brown
trout (which were introduced after rainbow trout were es-
tablished) spawn in late fall. If their embryos survive the
scouring of winter floods (Erman et al. 1988), juveniles
will emerge from the gravel sooner than those of spring-

GREAT BASIN PROVINCE 41




spawning trout. As a result, they have a competitive advan-
tage over other juvenile trout because they are larger and
have established territories. More important, they will be rel-
atively immune from the factors causing poor reproductive
success in spring spawners. Thus when other species have
depressed populations, brown trout may flourish (Strange et
al, 1992). Furthermore, brown trout predation on other
fishes may keep populations of native fishes from rebound-
ing even when favorable conditions for spawning return.
The native fish assemblage can resume its dominance only if
brown trout reproduction fails for several winters in succes-
sion or if heavy fishing significantly reduces the numbers of
adults. In Martis Creek, the ascension of brown trout re-
sulted in the near elimination of speckled dace and Lahon-
tan redside from the stream and a great reduction in the pop-
ulations of other species (Strange et al. 1992; Strange 1995).

Lake Tahoe

Lake Tahoe is one of the largest high-mountain lakes in the
world (surface area, 304 km?), remarkably deep (maximum
depth, 501 m; mean depth, 313 m) and clear (the bottom
formerly could be seen at a depth of 20-30 m). It is 36.4 km
long and 20.9 km wide, and it lies at an altitude of 1,899 m
above sea level. The total area of its watershed, including the
surface of the lake, is only 830 km?. It drains through the
Truckee River into Pyramid Lake, Nevada.

The native fishes are the same as those that occur in La-
hontan streams, except that a plankton-feeding form (pec-
tinifer) of tui chub is present, as well as a benthic-feeding
form (obesa), and the stream-adapted mountain sucker is
absent. Major changes in the fish community wrought by
humans so far have been complete replacement of Lahon-
tan cutthroat trout with alien lake trout, rainbow trout, and
brown trout and addition of kokanee salmon. Introduction
of opossum shrimp (Mysis relicta) also caused profound
changes in the ecosystem, which affected fish populations
(Fig. 12). Despite similarities between the fish fauna of Lake
Tahoe and Lahontan streams, the ecological relationships
among species in the lake are somewhat different from
those in the streams. This fact was first revealed by R. G.
Miller (1951), who recognized three distinct fish assem-
blages: (1) shallow water, (2) deepwater benthic, and (3 )
midwater (Fig. 12).

The shallow water assemblage lives mostly in water less
than 10 m deep in rocky-bottomed areas. It is composed of
six species: speckled dace, Lahontan redside, Paiute sculpin,
Tahoe sucker, rainbow trout, and brown trout. Dace live
among rocks, swimming about in loose aggregations. They
feed on invertebrates, such as small snails and blackfly lar-
vae, that live on the surface of the rocks. They tend to hide
during the day, becoming active at night. In contrast to dace,
redsides are diurnal and surface oriented, and they swim
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about in large schools. They feed equally on bottom, sur-
face, and midwater invertebrates and are perhaps the most
numerous fish in the lake. Paiute sculpin live under rocks
during the day but come out to forage at night on larger
benthic invertebrates, especially midge and caddisfly larvae.
Tahoe suckers are present mostly as juveniles (<10 cm TL).
They are also most active at night, browsing on detritus, al-
gae, and small invertebrates. They are the one species that
seems to feed on a regular basis in more exposed sandy-bot-
tomed areas, as well as in rocky areas. Rainbow trout and
brown trout are the main piscivores, moving in to forage in
the evening. They capture mostly suckers and redsides, the
two species most likely to be out in the open. Dace and
sculpin form only a very small part of their diet.

Besides these permanent inhabitants of shallow water,
young-of-year of most other fishes can be found here at one
time or another. Large aggregations of young-of-year fishes
are especially likely to be found along marshy shores, where
the emergent plants provide a measure of protection.

The deepwater benthic assemblage has two distinct
types of habitat: thin beds of aquatic plants and plant-free
areas. The aquatic plants—mostly Chara, filamentous al-
gae, and aquatic mosses—grow on lower-gradient slopes
down to depths of about 150 m. Most plants are present at
depths of between 67 and 116 m, with the largest concen-
trations at 100-116 m (Frantz and Cordone 1967). The
plant-free habitat is in water deeper than 150 m, on steep-
sloped areas at intermediate depths, and on sandy bottoms
at depths of less than 33 m.

Fishes that make up this association are lake trout, Paiute
sculpin, the obesa form of the tui chub, large Tahoe sucker,
and mountain whitefish. Lake trout mostly cruise about
near the bottom, foraging among aquatic plants as well as in
plarit-free areas. Their usual prey are other deepwater fishes,
in the following order of importance: Tahoe sucker, Paiute
sculpin, tui chub, and mountain whitefish (although opos-
sum shrimp have become a major component of their diet
since the introduction). Suckers are probably the most com-
mon fish taken, because they are large and almost continu-~
ously active, grazing the bottom in schools on algae, detri-
tus, and invertebrates. Sculpins are abundant wherever they
can capture detritus-feeding invertebrates (snails, am-
phipods, chironomid larvae) and each other. Some obesa tui
chubs move into this association during the day, returning
to shallower water (<15 m) at night. Their food is predom-
inately snails, which live in large numbers on the aquatic
plants, although various bottom-dwelling invertebrates are
also common in their diet. Mountain whitefish are also
probably found in association with beds of aquatic plants,
and they seldom venture into deep, plant-free areas. Feeding
is mostly during the day, on snails, dragonfly larvae, and
other plant-dwelling or bottom-living invertebrates.

The midwater assemblage consists of two plankton
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Figure 12. Hgbitat zones and feeding relationships of Lake Tahoe fishes before (top) and after (bottom) the introduction of the
plankton-feeding opossum shrimp, Mysis relicta. The major food categories are benthic organisms, flying insects, zooplankton, and
fish. There are two forms of tui chub in the lake, bottom-feeding obesus and zooplankton-feeding pectinifer. The food data are modi-

fied from Miller (1951) and other sources.

feeders (kokanee salmon and pectinifer tui chub) and one
predator (rainbow trout) that live in open waters. The rela-
tionship between introduced kokanee and native chub
needs to be explored in detail because they are both pelagic
planktivores, especially on cladocerans (mostly Daphnia

pulex) and copepods (Epischura and Cyclops). From the ev-
idence available, however, it appears that the two species oc-
cupy slightly different habitats. Tui chubs seldom venture
far from shore and appear to make regular, diurnal, vertical
migrations, possibly following diurnal migrations of zoo-

GREAT BASIN PROVINCE 43




plankton. They are in deep waters (but off the bottom) dur-
ing the day, moving into surface waters at night. This move-
ment in part follows the contours of the bottom, since they
are also closer to shore at night than they are during the day.
Kokanee, on the other hand, seem to be widely distributed
in open waters, remaining close to the surface continually
except when surface waters become too warm in August and
September. During these months large schools of kokanee
are found at depths of 15-40 m (Cordone et al. 1971). Rain-
bow trout are also widely distributed in open waters, where
they feed partly on plankton and partly on fish, especially
tui chubs. The trout commonly move into shallow water to
feed on the abundant minnows during evening.

The long-term stability of these assemblages is not
known because the dominant species are aliens and be-
cause additional species keep being introduced. Thus the
dominant predator is the alien lake trout, the dominant
planktivore is the alien kokanee, the dominant zooplankter
is the opossum shrimp, and the dominant benthic grazer is
the signal crayfish (Pascifastacus lenuisculus). Largemouth
bass are now found in the shallow, warm marginal habitats,
where they may be an important predator on juvenile na-
tive minnows.

Eagle Lake

Eagle Lake is the only large natural lake in California, be-
sides Lake Tahoe, that contains Lahontan fishes, and it may
be the only large lake that contains solely native species. The
second largest freshwater lake completely within California
(8,900 ha), Eagle Lake is alkaline (pH 8.4-9.6) and mostly
less than 5 m deep, although it has a maximum depth of
23 m. It is fairly productive, supporting large beds of aquatic
plants in shallow water. The surface waters usually reach
21°C in the summer, and the lake surface often freezes in
winter, Strong winds prevent development of a permanent,
well-defined thermocline in summer, but the deep water
nevertheless normally remains less than 21°C.

Only five species of fish live in the lake: Eagle Lake rain-
bow trout, tui chub, Tahoe sucker, Lahontan redside, and
speckled dace. The redside and dace inhabit the waters close
to the shore, especially where there is cover (rocks, tulg
beds). Dace feed mainly on small benthic invertebrates,
mainly amphipods (Hyalella azteca) and chironomid lar-
vae, whereas redsides concentrate on zooplankton (Table
6). Large shoals of young-of-year tui chubs are also found
here beginning in mid-July, and they also feed on zoo-
plankton. Large tui chubs live in open waters, feeding
mainly on benthic invertebrates and organic debris. The
chubs in turn are the main food of trout, especially in late
summer when high surface temperatures confine trout to
deeper areas. Trout also consume large numbers of leeches
and larger zooplankton species. The only species that shares
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Table 6
Diets (Percent Volume) of Adult Eagle Lake Fishes, July 1986

Rainbow Lahontan Tui  Speckled Tahoe

trout redside  chub dace sucker

Number of fish 121 104 104 32 48
Plankton

Daphnia 9 60 3 17 3

Leptodora 23 0 0 0 1

Hyalella 34 12 12 17 47
Benthos

Ephemeroptera 7 0 0 0 2

Helobdella 6 .0 0 0 0

Trichoptera 1 22 1 60 22

Other 15 1 0 6 12
Fishes 5 0 0 0 0
Algae 0 5 2 0 6
Detritus 0 0 82 0 7

Source: P. B. Moyle (unpublished data).

deep water with the trout is the Tahoe sucker, which is sel-
dom preyed upon by the trout, apparently as a consequence
of its bottom-dwelling habits. It feeds largely on benthic in-
vertebrates.

At the present time, Eagle Lake trout populations are en-
tirely maintained by hatchery plantings. Spawning fish are
trapped as they run up Pine Creek, the lake’s only perma-
nent tributary. This operation is necessary because flows of
the creek have been greatly reduced by a long history of
poor land management, making it difficult for adult trout
to ascend to good-spawning areas and for juveniles to make
it back down again. Major restoration work is now under
way. In any case, key spawning and rearing areas now con-
tain a large population of introduced brook trout. Tahoe
sucker and Lahontan redside also spawn in Pine Creek, but
they do not have to ascend so far; they may also be capable
of spawning in the lake itself, like tui chubs.

Colorado Province

- Colorado River

The short section of the Colorado River that borders Cali-
fornia bears little resemblance to the great river of a hun-
dred years ago. Flows have been reduced and confined be-
hind dams, forming large impoundments, such as Havasu
Reservoir. The formerly heavy siltload is reduced, the reser-
voirs acting as settling basins, but in its place are salts, fer-
tilizers, and other products of irrigated agriculture. Not sur-
prisingly, the fish fauna has changed drastically, more so
than in any other river system in California. :
The original fauna was simple because the California

portion of the river was an ecologically uniform, deep, slug-
gish channel with fluctuating flows and no large tributaries.
The bottom was presumably shifting sand, supporting few
benthic organisms. In the main channel were bottom-
feeding razorback sucker and pelagic bonytail, both species
with bizarre body shapes adapted for moving about in
strong currents. The unusual morphology of these fishes
may have allowed them to feed in places where food was
most abundant, such as onlogs and rocks swept clean of fine
material by swift currents or in the water column (Stanford
and Ward 1986). Preying on these two species, as well as on
their own young, were giant Colorado pikeminnow. Desert
pupfish may have been found in the shallow backwaters and
marshes on the river’s edge, along with juveniles of the na-
tive riverine species. The only other fishes present were rare
stragglers from upstream—such as woundfin (Plagopterus
argentissimus), speckled dace, and flannelmouth sucker—
and euryhaline wanderers from the Gulf of California—
such as striped mullet and machete.

Today these native fishes are extinct or rare in the Cali-
fornia portion of the river. The river and reservoirs contain
instead a conglomeration of at least 44 introduced species.
About 20 of these species are common, including common
carp, red shiner, threadfin shad, several catfishes, large-
mouth bass, smallmouth bass, striped bass, bluegill, green
sunfish, warmouth, black crappie, mosquitofish, and tilapia
of mixed origins. Obviously this is an unstable, artificial as-
semblage of fishes that will keep changing as long as hu-
mans keep changing the nature of the river and introducing
new species into it. However, Minckley (1982) found that
the complex of species used most of the food resources
available and showed some segregation by diet. Ohmart et
al. (1988) indicated that there was also considerable segre-
gation by habitat, with a distinct group of species found in
the main channel and another in backwaters. Within these
habitats there is further segregation by depth, water veloc-
ity, and substrate. Nevertheless, overlaps among species in
both diet and habitat are more the rule than the exception.

Salton Sea

The Salton Sea is the largest inland body of water within
California, with a surface area of about 980 km?. It fills the
bottom of the Salton Sink in the Imperial Valley at an ele-
vation of 71 m below sea level. The sea is shallow (maxi-
mum depth, 15 m; mean depth, 10 m), warm (summer tem-
peratures, 26—-33°C), and saline (1999 salinity, 44 ppt). Al-
though overflows from the Colorado River have filled the
sink many times in the past, the bodies of water so created
have eventually dried up, given an evaporation rate of about
1.8 m/year. The most recent natural predecessor, Lake
Cahuilla, supported Native American fisheries before it
dried up about 500 years ago (Gobalet 1992). The present

sea was created in the summer of 1905 when, during a flood,
the entire Colorado River started flowing through and en-
larging the Alamo Channel, a canal dug to bring irrigation
water to the Imperial Valley. The river continued to empty
into the sink until February 1907, when its flow was finally
diverted back into its former channel through a massive
earth-moving effort. The level of the sea is maintained
through inflow of agricultural wastewater from the Imper-
ial and Coachella Valleys. Accumulation of nutrients from

- 100 years of agricultural drainage has made the sea ex-
tremely eutrophic, with high levels of nitrogen and phos-
phorus (Gonzalez et al. 1998).

In addition to nutrients, the water being drained into the
sea has a high salt content. Rapid evaporation rates result in
steadily increasing salinity, although wet years or increased
irrigation runoff may temporarily cause it to decrease or sta-
bilize. The change in water chemistry through time is re-
flected in changes in the sea’s fish fauna. In 1915, the fishes
were the same freshwater species found in the Colorado
River. At present, they are mainly saltwater species intro-
duced from the Gulf of California, plus tilapia species that
can tolerate high salinities (Table 7). Given that salinity is
currently increasing at a rate of 0.5 ppt/year, the marine
species are likely to die out in the near future, initially as the
result of salinities too high for survival of eggs and larvae
(45-50 ppt). Ultimately, tilapia and perhaps sailfin mollies
will become the principal species and will remain abundant
in the sea until about the mid-2000s, assuming they are not
first wiped out by pollution-related events, Once tilapia and
mollies disappear, the sea will become a high-salinity system
without fish. Numerous nonnative fishes—including sub-
tropical species such as porthole livebearers, mollies, and
tilapia—will continue to exist, however, in low-salinity
drains and streams that flow into the sea and show shifting
segregation from one another by habitat and temperature
preferences (Schoenherr 1979). Native pupfishes are likely to
continue to exist only in special, intensely managed refuges.

The three main sport fishes in the Salton Sea—bairdiella
or Gulf croaker (Bairdiella icistia), orangemouth corvina
(Cynoscion xanthulus), and sargo (Anisotremus davidsoni)
—were introduced between 1949 and 1956 from the Gulf of
California. They will not be treated in this book beyond the
brief discussion here because they are marine fish with no
tolerance of low salinities and because their long-term per-
sistence in the Salton Sea is unlikely. Brocksen and Cole
(1972) demonstrated that embryos and larvae of these
fishes do not survive well at salinities greater than 40 ppt.
Stephens (1990) has shown that they cannot spawn at salin-
ities greater than 45 ppt. At present, these fishes still support
afishery, but its maintenance until the sea becomes too salty
even for adults will require a hatchery program. -

At the same time the three saltwater sport fishes were in-
troduced, two other marine introductions were also suc-
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Table 7

Changes in the Fish Fauna of the Salton Sea

Year Ca. 1400 1916 1929 1942 1957 1976 1999
Salinity (ppt) <202 <20 34 35 35 40 44
Number of species 6 6 6 6 8 10 10
Colorado pikeminnow C ? — — — — —
Bonytail A C — — — — —
Razorback sucker A C C — — — —_
Rainbow trout — R R — — — —
Common carp — A C C — — —
Striped mullet C A C A R R R
Desert pupfish C R A A c R R
Western mosquitofish — — A A R — —
Longjaw mudsucker — — — ? C C C
Machete R — — C — — o
Threadfin shad — — — — A R R
Sargo — — — — C A C
Bairdiella — — — — A A A
Orangemouth corvina — — — — A A C
Sailfin molly — —_ — — — A C
Mozambique tilapia — — — — - A A
Redbelly tilapia — — — — C Cc?

Sources: Evermann (1916); Coleman (1929); Dill (1944); Walker (1961); S. Keeney, CDFG (pers. comm. 1999). The information for 1400 is

based on fish from archaeological sites (Gobalet 1994).

Notes: Abbreviations: A, abundant; C, common; R, rare. Species found only in freshwater drains or streams feeding the sea are not included.

Mozambique tilapia may represent a hybrid complex of forms.

cessful: longjaw mudsucker (Gillichthys mirabilis), a small
bottom fish, and pile worm (Neanthes succinea), a major
food organism for fish. In the early 1970s, Mozambique
tilapia (now a presumptive hybrid with other tilapia
species), redbelly tilapia, and sailfin mollies invaded. The
two tilapias became very abundant and apparently elimi-
nated desert pupfish—the one native fish still present—
from the sea itself. Large die-offs of tilapia in 1988-1990
gave pupfish another temporary foothold in the sea (K.
Nicol, CDFG, pers. comm. 1991), but they are now gone
again, barely persisting in inflowing streams and drains (S.
Keeney, CDFG, pers. comm. 1999).

The food web established deliberately through intro-
duction of marine fishes and other organisms is relatively
simple (Walker 1961). Primary production is by abundant
planktonic algae, mainly diatoms, dinoflagellates, and green
algae. These are fed upon by zooplankton, mostly rotifers,
copepods, and larval stages of bottom invertebrates. Young
tilapia presumably feed directly on abundant zooplankton,
although adults are more omnivorous and feed on algae and
benthos as well. Tilapia in turn are important prey of cor-
vina, providing a plankton-based food web. However, the
base of the food web leading to corvina, sargo, and bairdiella
usually appears to be organic matter, which decays and
forms fine detrital ooze, the main food of pileworms. Pile-
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worms are the main item in the diet of bairdiella and sargo,
which are in turn fed on by orangemouth corvina. The lat-
ter species, achieving weights of 14.5 kg in the sea, is an im-
portant object of the sport fishery, although tilapia harvest
may now be more important in terms of numbers and bio-
mass (S. Keeney, CDEG, pers. comm. 1999).

At present, tilapia (mainly Mozambique tilapia) are the
most abundant fish in the sea. Their populations undergo
enormous fluctuations as the fish die in huge numbers from
various causes (S. Keeney, pers. comm. 1999). In winter, die-

offs may occur because of stress induced by low tempera-.

tures (11-14°C). When temperatures of the sea are high,
die-offs of tilapia and bairdiella are related to oxygen deple-
tion, although the immediate cause of death is often stress-
induced diseases and parasitic infections. Toxins released
from algal blooms may also cause death, as may agricultural
and industrial wastes entering via the drains. The fish kills
are of concern not only for aesthetic reasons (tilapia popu-
lations at least have amazing powers of recovery) but also
because the fish, dead and alive, are eaten by large numbers
of migratory waterfowl. Living tilapia carrying type C botu-
lism organisms in their guts have been implicated in the
deaths of thousands of birds, including brown and white
pelicans, grebes, and cormorants. Massive die-offs of birds
and fish are indicative of a very unstable ecosystem that is on

atrajectory toward simplification, one that ultimately will be
without fish. Major studies are under way to find ways to save
the “dying” sea, although until it actually dries up completely
it will continue to be rich in life, if not in fish.

Because demand for fresh water by humans outside the
basin is increasing, conservation measures are likely to re-
duce the amount of water flowing in, accelerating the in-
crease in salinity. Proposed solutions to the problems, how-
ever, involve making all or part of the sea less saline through
such schemes as exchange pumping of water from the
Salton Sea with water from the Gulf of California or diking
off large sections of the sea to contain fresher inflowing
water. Such solutions are enormously costly in money and

energy and are unlikely to be sustainable. They also do not
really address the ever-increasing nutrient levels., In the
short run, the sea is likely to shift to a system dominated by
herbivorous or omnivorous fishes with high salinity toler-
ances, mainly tilapia and mollies, which will be preyed upon
mainly by birds. Gonzalez et al. (1998) suggest that eu-
trophication of the sea could be alleviated at least tem-
porarily by harvesting tilapia in large amounts, because the
fish have the capacity to take up large amounts of nitrogen
and phosphorus. In the long run, the sea is likely to turn into
an ecosystem based on brine shrimp and brine flies, like the
Great Salt Lake or Mono Lake (University of California—
Mexus Border Water Project 1999).
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Change

California has undergone, and continues to undergo, mas-
sive changes in its aquatic ecosystems. Resilient natural sys-
tems, reasonably predictable in structure, are rapidly being
replaced by highly altered systems, unpredictable in struc-
ture and dominated by alien species. Native fishes, the best-
known components of the natural aquatic systems, are rap-
idly being lost (Moyle and Williams 1990). Of 67 species, 7
(10%) are extinct in the state or globally, 13 (19%) are offi-
cially listed as threatened or endangered (as of 2001), and
19 (29%) are listed as Species of Special Concern, which will
need to be listed soon if present trends continue (Table 1).
This means that 58% of all inland fish species of California
are extinct or in serious decline. In addition, a number of
subspecies of more widely distributed species are in trouble,
including two that are extinct and nine formally listed as
threatened or endangered. These numbers can change rap-
idly because species can decline in abundance and go ex-
tinct within very short periods of time. The last thicktail
chub was seen in 1957, the last Tecopa pupfish in 1965, the
last Colorado pikeminnow in California in 1967, the last
Clear Lake splittail in 1972, the last bull trout in California
in 1975, the last High Rock Spring tui chub in 1989. In the
same period at least 16 species of fish were successfully in-
troduced into the state. In short, California is losing about
one native species or subspecies of fish every five or six
years, on the average, and gaining an alien species about
once every two years! Introduced species are abundant in
their native ranges as well, so the result of this “trade” is a
net loss of species worldwide. The changes in the California
fish fauna are reflected in the changes in the fishes in Clear
Lake and the San Joaquin River at Friant, localities for which
long-term records exist (Tables 8 and 9).

The rapid decline of the native fish fauna is caused by in-
teractions among natural and human factors. The main
natural factor that makes species prone to extinction in Cal-
ifornia is their limited range; most are confined to one
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drainage or one body of water. Species that are in the most
trouble today come from a wide variety of habitats, buta
majority occur either in small, isolated springs and creeks
or in big rivers, especially in drier regions of the state. The
reason for this is that very small and very large aquatic sys-
tems are most vulnerable to damage by humans (Moyle and
Williams 1990). The human factors that have negative ef-
fects on the abundance of native fishes are, in order of over-
all importance, (1) water diversions, (2) habitat modifica-
tion, (3) pollution, (4) alien species, (5) hatcheries, and (6)
exploitation. The main purpose of this section is to describe
how these factors have affected the fishes.

Water Diversions

From our society’s perspective, water in California is poorly
distributed. Most precipitation falls in the northern half of
the state in mountainous or coastal areas, whereas most
people live in the southern half of the state in deserts and
dry valleys. Furthermore, most precipitation occurs during
winter and spring, whereas the greatest demand for water,
for irrigation and power production, occurs during the
long, hot summer. The solution to this distribution prob-
lem has been to build dams, diversions, and aqueducts, to
store the water and carry it to distant places for use as
needed. From the Gold Rush era onward, dam building has
been a major activity in California, with a major peakin the
early 20th century, although the biggest dams were built in
the interval from the 1940s through the 1960s (Fig. 13). The
Los Angeles metropolitan area, for example, imports its
water from the Mono Lake basin (about 430 km distant),
the Owens Valley (about 380 km), the Colorado River
(about 390 km), and the Feather River (about 600 km). The
most massive alterations took place in the Central Valley,
where the federal Central Valley Project and the State Water
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Table 8

Changes in the Fish Fauna of Clear Lake, Lake County

1872 1894 1929

1941 1950 1963 1973 1998

Native species
Pacific lamprey
Threespine stickleback*
Rainbow trout
Thicktail chub
Clear Lake splittail
Sacramento pikeminnow*
Sacramento sucker*
Sacramento perch
Sacramento blackfish
Hitch
Tule perch
Prickly sculpin
Introduced species
Common carp —
Brown bullhead —
White catfish —
Channel catfish — —
Largemouth bass — —
Bluegill — —
Black crappie — —
Mosquitofish — — —
Green sunfish — — —
Goldfish — — —
‘White crappie — — —
Golden shiner — — —
Redear sunfish —_ — —
Inland silverside — — —_
Threadfin shad — — —
Total number of species 12 15 17
Percent native species 100 80 59
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Sources: Based on information from Stone (1876); Jordan and Gilbert (1894); Coleman (1930); Lindquist et al. (1943); Murphy (1951); Cook
et al. (1966); Colwell et al. (1997); and P. B. Moyle and CDFG (unpublished records).
Notes: Abbreviations: A, abundant; C, common; N, not recorded but probably present; P, present; R, rare; * native species found in inflowing

streams that are likely to be in the lake on occasion.

Project, together with power companies and urban water
agencies, have dammed virtually every large stream. The
only drainage with more extensive alterations in the West is
the Colorado River, but most of its dams and diversions are
upstream from California. Even so, a good chunk of Col-
orado River water goes to California farms and cities.

The biggest single consumer of water in California is
irrigated agriculture, which takes 70-80 percent of stored
water in the state and also pumps great volumes of ground-
water, Large amounts are wasted because of an antiquated
system of water laws, especially those governing riparian
water rights. A landowner with riparian rights along a
stream can divert as much water as desired to water crops
on his or her own land, but the water cannot be sold. This

doctrine results in large amounts of water being diverted to
flood-irrigate pasture and alfalfa in summer, an extravagant
use of water in a desert climate (Reisner 1986). Likewise,
large quantities of water are needed to flush salts from irri-
gated land on the west side of the San Joaquin Valley and in
the Coachella and Imperial Valleys, sending salts and toxic
materials such as selenium into the rivers. The result is
much less water available to fish and reduced quality of the
water that remains.

Dams and diversions affect fish in many ways, usually
simultaneously, so faunal changes are inevitable when a
water project is built. Among the ways in which they affect
fish are the following: (1) blocking migrations, (2) dewater-
ing streams and lakes, (3) changing temperature and flow
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TABLE 9

Changes in the Fish Fauna in the San Joaquin River at Friant,
Fresno County

1898 1934 1941 1971 1985

Native species

Splittail X — — — —
Hitch X X X — —
California roach X X X — —_
Hardhead X X X — —
Sacramento
pikeminnow X X X — —
Sacramento blackfish X X X — —
Chinook salmon X X X — —
Tule perch X X X — —
Sacramento sucker X X X X X
Rainbow trout X X X X X
Prickly sculpin X X X X X
Threespine
stickleback X X X X X
Kern brook
lamprey N N N X X
Pacific lamprey N N N X X
Introduced species
Brown trout — X X X X
Common carp — X X X X
Bluegill — X X X X
Smallmouth bass — X X N X
Brown bullhead — — — X X
Mosquitofish — — — X X
Green sunfish — — — X X
Largemouth bass — — — X X
Total number of species 14 17 21 14 14
Percent native species 100 77 62 43 43

Sources: Based on information from Rutter (1903); Needham and
Hanson (1935); Dill (1946); Moyle and Nichols (1974); and Brown
and Moyle (1993).

Notes: This was originally a transitional reach between valley floor
and foothills, so it had a high diversity of native fishes. After 1941
flow in the reach was regulated by releases from Friant Dam, con-
verting it into a coolwater trout stream containing trout that are
mostly of hatchery origin. Abbreviations: N, probably present but
not recorded; X, present.

regimes, (4) entrainment, (5) creation of reservoirs, (6) al-
tering upstream areas, and (7) altering estuaries.

Blocking Migrations

One of the most immediate effects of dams is in blocking
up- and downstreamn movements of fish. In the Sacramento—
San Joaquin watershed, dams deny chinook salmon access
to >1,800 km of stream they once used—more than 80 per-
cent of their former habitat (Fig. 14; Yoshiyama et al. 1996).
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Amounts of stream lost to steelhead are even greater be-
cause they spawn in smaller tributaries to main rivers, but
their former distribution is too poorly known to estimate
the actual number of kilometers lost. The culmination of
these blockages were Friant and Shasta Dams. Friant Dam,
finished in 1948, completely prevented a large run of spring-
run chinook salmon from reaching their holding and
spawning grounds in the upper San Joaquin River. This dam
completed a process of blocking upstream access by salmon
in the San Joaquin drainage that began with the construc-
tion of LaGrange Dam on the Tuolumne River in 1894. No
attempt was made to find ways to get the salmon over or
around these dams, so a run that was probably in excess of
500,000 fish per year was completely lost.

In the Sacramento River, closing of Shasta Dam in 1942
cut off access by both winter- and spring-run chinook
salmon to major spawning areas; however, the two runs
were saved from extinction by coldwater releases from the
dam, creating some new habitat. This fortuitous circum-
stance was largely negated by completion of Red Bluff
Diversion Dam in 1964, which diverted Sacramento River
water into canals of the Tehama-Colusa Irrigation District.
This dam had salmon ladders to allow fish to pass. Unfor-
tunately they were poorly designed, making it difficult for
upstream migrants to find them. Peculiarities of construc-
tion also made the dam a major cause of death of young
salmon that had to pass over it on their way to sea. The re-
sult was a steady decline in wild Sacramento River salmon.
Attempts to reverse the decline have involved leaving
the dam gates open during periods of salmon migration,
allowing free passage of fish. Similarly, Copco Dam cut off
access by chinook salmon and steelhead to the upper Kla-
math basin, resulting in extirpation of the runs that went
into Oregon.
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Figure 13. Number of large dams constructed in California,
1850-1980, by decade. From Yoshiyama et al. (1998).

Figure 14. Two major changes in

fish distribution in Central Cali-
fornia. The dark lines show areas
formerly accessible to chinook
salmon and steelhead rainbow
trout that are now blocked by
dams, while the shaded area indi-
cates the formerly fishless region
of the Sierra Nevada now occu-
pied by alien fish, mainly trout.
The Sierra Nevada Ecosystem Pro-
ject (SNEP) study area roughly de-
limits the Sierra Nevada range.
From Moyle and Randall (1998);
reprinted by permission of Black-
well Science, Inc.
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Even blockage of within-river migrations may create
problems. Blockage of the migrations by numerous dams
on the Colorado River may have been responsible for the ex-
tirpation in California waters of Colorado pikeminnow, and
blockage of spawning migrations of bull trout by McCloud
Dam on the McCloud River may have led to the extirpation
of bull trout in the state.

Dewatering Streams and Lakes

One of the main reasons for the construction of dams,
reservoirs, and irrigation diversions is to catch runoff and
send it, via aqueducts, to locations where it can be used for

irrigation or industrial and municipal consumption. This
naturally leaves less water available for fish downstream
from dams. Friant Dam cut off virtually all flow to the lower
San Joaquin River, effectively turning it into an agricultural
drain, largely unsuitable for native fishes or for passage of
migratory fishes. Closure of the dam was the final and ma-
jor blow to San Joaquin spring-run chinook salmon. In the
words of George Warner, a biologist involved in the desper-
ate efforts to save this run, “the trickle of water [in the San
Joaquin River] soon disappeared in the sand, stranding
salmon migrants more than one hundred miles from the
sea. The tragic conclusion to the history of the 1948 spring
run was that the only beneficiaries of our efforts to salvage
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a valuable resource were the raccoons, herons, and egrets”
(Warner 1991, p. 65).

Less dramatic but perhaps just as devastating to native
fishes have been the cumulative effects of the dewatering of
small streams by many smaller dams scattered around Cal-
ifornia. For example, construction of Hidden Valley Dam
on the Fresno River in the 1970s converted the stream be-
low the dam from a rather attractive sandy-bottomed
stream dominated (95%) by native fishes to a series of stag-
nant pools dominated by common carp and other intro-
duced species (81%) in 1985 (D. L. Miller et al. 1988).

The effects of dewatering often take a long time to be felt,
especially if flows are reduced but not cut off completely.
One of the most dramatic examples of such a delayed out-
come was the fall in the level of Pyramid Lake, Nevada, fol-
lowing diversion of most of the flow of the Truckee River
(in California) for irrigation. The sandy delta expoéed atthe
mouth of the river by the declining lake level prevented both
Lahontan cutthroat trout and cui-ui sucker (Chasmiistes cu-
jus) from spawning in the river. The trout are present in the
lake only because of the planting of a nonnative strain; the
suckers are listed as endangered. The suckers survived only
because they are extraordinarily long lived, with life spans
of 4050 years (Scoppetone 1988). Only massive conserva-
tion efforts, including restoration of flows during the
spawning period, have permitted them to reproduce in re-
cent years. Similar reduction in flows of inlet streams dur-
ing periods when they are used for spawning was at least
partially responsible for the extinction of Clear Lake split-
tail in Clear Lake, Lake County. Splittail were either

stranded as adults during spawning runs or stranded as
newly hatched juveniles, unable to return to the lake (Cook
et al. 1966).

Changing Temperature and Flow Regimes

Rivers below dams inevitably have altered temperature and
flow regimes. Dams on the Sacramento and Colorado
Rivers made river flows below the dams more constant,
eliminating flood flows in winter or spring and converting
the turbid, warm rivers of summer into cold, clear streams
suitable for trout and salmon. In the Colorado River, the re-
sult was creation of an endangered fish fauna, with extinc-
tion of most native species in the California portion of the
river. In the Sacramento River, cooler summer waters have
made both juvenile and adult salmon year-round residents;
distinctions between fall-, late fall-, winter-, and spring-run
races have become increasingly blurred as a result. These
runs evolved to take advantage of special conditions in trib-
utaries and the predictable, highly seasonal patterns of flow
in the river—conditions and patterns that are now signifi-
cantly altered. The continuing decline of all four runs in the
Sacramento River indicates that, overall, the altered flow
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and temperature regimes have not improved conditions for
chinook salmon (Yoshiyama 1999; Yoshiyama et al. 2000).
These runs increasingly depend on fish of hatchery origin.

In some regulated streams, a small change in tempera-
ture regime can result in a major change in the fish fauna.
Development of the North Fork Feather River for hydro-
electricity resulted in a series of dams that raised summer
temperatures in parts of the river. Reaches that were prob-
ably once dominated by rainbow trout and anadromous
fishes now favor native coolwater fishes (hardhead, pike-
minnow, sucker), and attempts to alter this situation by
periodically poisoning native fishes and planting large
numbers of trout have largely failed (Moyle et al. 1983).

In a few streams, the altered flow and temperature
regimes can benefit fisheries. For example, 12 km of Putah
Creek (Solano and Yolo Counties) are used to convey water
from Berryessa Reservoir to Putah Diversion Dam, where
most is diverted into Putah South Canal. The 12-km stretch
has low but constant flows in winter and high flows in sum-
mer, when agricultural and urban water demand is highest.
The result is a coldwater stream that supports a substantial
population of large, wild rainbow trout, as well as abun-
dant riffle sculpin, threespine stickleback, and Sacramento
sucker. Increased flows in summer allow CDEG to plant the
stream heavily with hatchery trout, making the stream one
of the most popular fishing spots in the region. The sum-
mer bait fishery for hatchery trout does not seem to affect
the populations of wild trout in the creek.

Entrainment

Fish are entrained by a diversion when they are carried away
in the diverted water, usually to some place where chances
of survival are low, such as the cooling system of a power
plant or an irrigation ditch. Entrainment of outmigrating
salmon and steelhead smolts has long been recognized as a
factor contributing to the decline of fisheries. A great deal
of effort has therefore been devoted to designing, installing,
and maintaining fish screens on water diversions—with
limited success. Young salmonids are actually more easily
screened from diversions than most other juvenile fishes be-
cause they are fairly large (usually >50 mm) and are strong
swimmers. Species with a helpless larval stage can suffer
large losses of the larvae to entrainment. This seems to be
one of the main reasons why populations of most fishes
have declined in the Sacramento—San Joaquin Delta since
1970 or so. Large numbers of young are entrained in (1)
pumping plants of the State Water Project and the Central
Valley Project, (2) hundreds of small unscreened diversions
taking water to irrigate Delta islands, and (3) the cooling in-
takes of power plants. The John F. Skinner Fish Protection
Facility at the pumps of the State Water Project screens hun-
dreds of thousands of larger fish from the California Aque-

duct, but it cannot retain larval fish. Even its success at
screening larger fish is limited. Mortality rates of “rescued”
fish are probably high, if not during transport then to pred-
ators after the fish have been trucked back to the estuary.
Managers of salmonid hatcheries on the Sacramento and
San Joaquin Rivers have long recognized the problems ju-
venile salmon and steelhead have in migrating through the
Delta; they achieve higher survival rates of their fish by
trucking them around the Delta and releasing them in such
places as Berkeley Marina on San Francisco Bay. A problem
with diversions, including the pumps in the Delta, is that
their direct effects are hard to distinguish from the indirect
effects of water removal, such as a change in hydraulics
(Bennett and Moyle 1996).

Creation of Reservoirs

Reservoirs are hard on the native fish fauna because they
favor lake-adapted alien species over native stream-adapted
forms. Thus pikeminnows and hardhead became rare in
most water supply reservoirs in the Sacramento—San Joaquin
drainage after an initial 5-10 years of abundance. Young
that were trapped in reservoirs when they filled managed to
grow up, but their young were unable to survive, presum-
ably because they were devoured by introduced predators,
especially largemouth and smallmouth bass.

Reservoirs have benefited some native fishes. Prickly
sculpin and Sacramento sucker are permanently established
in a number of Central Valley reservoirs, as are hitch and tui
chub. Sacramento perch, virtually extinct in their native
habitat, are extremely abundant in a number of alkaline
reservoirs outside their native range, such as Crowley Reser-
voir on the Owens River. Reservoirs operated solely for
power production may actually favor native fishes because
they usually remain full and create conditions that might be
found in a giant riverine pool. Thus Britton Reservoir on the
Pit River is dominated by Sacramento sucker, hardhead,
Sacramento pikeminnow, tule perch, and other native fishes,
despite the presence of introduced species such as large-
mouth bass and white crappie (Vondracek et al. 1988b).

Altering Upstream Areas

A subtle effect of dams is their isolation of stream reaches
upstream of the reservoir. If a stream located above a dam
should lose its native fish fauna through natural or human-
made disasters, there is no way it can be naturally recolo-
nized from other nearby systems. For example, California
roach are now largely absent from the small streams of the
upper San Joaquin River above Friant Dam, with no hope
of natural recolonization (Moyle and Nichols 1974). When
salmon runs are blocked, a stream loses a major source of
nutrients (from salmon carcasses) as well as other major

components of the ecosystem, such as juvenile salmon.
Sometimes these juveniles are replaced in part by progeny
of trout that live in the reservoir and use the stream for
spawning. In the McCloud River, brown trout, rainbow
trout, and kokanee from Shasta Reservoir use the river for
spawning (Sturgess and Moyle 1978). Other upstream mi-
grants are less welcome. A barrier was constructed on Hat
Creek (Shasta County) to prevent Sacramento suckers from
moving up from Britton Reservoir. There was indirect evi-
dence that the grazing activities of large suckers dislodged
aquatic plant beds, which are prime habitat for the inverte-
brates eaten by the creek’s famous trout.

Altering Estuaries

One common justification for building dams is that “water
flowing into the ocean is wasted.” This attitude reflects a
profound ignorance of the value of estuaries, which require
large amounts of fresh water to function. They are major
nursery areas for juvenile salmonids and other fishes; inver-
tebrate food organisms are abundant, so the fish can grow
rapidly before going to sea. Species such as longfin smelt,
white sturgeon, and striped bass spend all or most of their
lives in estuaries. Their early life history stages often grow
and survive best in the zone where fresh water and salt wa-
ter mix, where food production is high. In the San Francisco
Estuary, reduced inflows of fresh water move this mixing
zone upstream, away from the productive shallows of Su-
isun Bay and into the deeper and less productive river chan-
nels. The result is reduced survival of young, coupled with
their increased vulnerability to entrainment when they are
in the river channels (Jassby et al. 1995).

The decline of fishes in the San Francisco Estuary can be
observed on a smaller scale in numerous small coastal estu-
aries. The tidewater goby, which lives only in small coastal
lagoons, is disappearing as populations blink out one at a
time, usually following diversion or alteration of inflowing
streams needed to maintain estuarine conditions. The same
lagoons are increasingly unsuitable for rearing of juvenile
salmonids (such as steelhead and coastal cutthroat trout),
accentuating decline of these fishes caused by other factors
operating upstream.

Habitat Modification

Most of California’s major inland waterways today bear lit-
tle resemblance to the streams and lakes encountered by
the first European explorers and settlers. The once turbu-
lent and muddy lower Colorado River is now a giant irri-
gation ditch and drain, carrying salts and other agricultural
wastes to Mexico and occasionally to the Gulf of Califor-
nia. The former giant lakes of the San Joaquin Valley are to-
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day vast cotton farms. The Sacramento-San Joaquin Delta,
once an enormous tule marsh dissected by meandering
river channels, has been transformed into islands of farm-
land protected by high levees from water that flows by in
dredged channels. Much of the Los Angeles River is a cement-
lined drainage canal. Streams in mountain meadows have
been stripped of riparian vegetation by livestock, and their
banks collapsed by sharp hooves. Other small streams have
been turned into straight ditches through channelization.
Thus it is not surprising that habitat modification is a
major cause of changes in California’s fish fauna. Different
species are affected by different types of habitat change,
however, so it is worthwhile to consider separately the ef-
fects of (1) stream channel alterations, (2) draining of
streams and lakes, (3) grazing livestock, (4) logging, (5)
mining, and (6) watershed changes.

Stream Channel Alterations

Humans have been altering the channels of California’s
streams ever since the first Spaniard stepped off a boat,
shovel in hand. Today straightening and dredging of stream
channels is being carried out in the name of flood control.
The idea is to move water as fast as possible, so it will not
flood lands surrounding the channel (the floodplain)—
ignoring the fact that this increases the probability of
flooding downstream. Channelized sections of Rush Creek,
Modoc County, when compared with nonchannelized sec-
tions, contain fewer fish overall, much smaller trout, and
fewer individuals of the rare Modoc sucker; only Pit sculpin
and speckled dace manage to maintain large populations in
channelized sections (Moyle 1976). The decrease in size and
numbers of fish was caused by reduction of habitat diver-
sity, especially the elimination of pools.

A classic example of a stream much abused in the name
of flood control is lower Putah Creek (Yolo and Solano
Counties). Flooding of surrounding lands was a natural an-
nual event for this creek, resulting in the rich alluvial soils
prized by farmers. The flooding, of course, was otherwise
unacceptable to farmers and to inhabitants of farming
towns, such as Davis. Over the course of a century, the creek
was increasingly straightened and confined between levees,
although in the first half of the 20th century it maintained
a reputation as a fine fishing stream, especially for intro-
duced smallmouth bass. Some farmers actually fed their
workers sturgeon, salmon, and other fish caught from the
creek. In 1957, Monticello Dam was finished, capturing
most of the flow in Berryessa Reservoir. About 12 km of
creek below the dam were maintained as a water delivery
channel to Putah Diversion Dam and Putah South Canal.
Valley reaches below the diversion dam, however, were
largely written off as fish habitat. Bulldozers were regularly

54 CHANGE

used in the channel to keep vegetation cleared between the
levees; gravel was mined from the bed; car bodies, waste
concrete, and other trash were dumped on the levees.

Despite all this activity, fish populations managed to
maintain themselves in the little water remaining (from
sewage effluent and other similar sources), and they staged
a spectacular comeback when the University of California
began maintaining its portion of the channel as a natural
area. Regrowth of willows and other vegetation provided
cover for fish and food for beaver, which built numerous
dams that created additional pools favored by fish. The fish
populations that built up included not only alien game
fishes such as largemouth bass, bluegill, and white catfish,
but also native fishes such as Sacramento blackfish,
pikeminnow, sucker, hitch, and tule perch., The long-term
survival of these fish depend on releases from upstream
dams to provide enough water to keep the stream alive. In
the drought years of 1990 and 1991, flows were turned off
and most fish perished. Only action by a local environmen-
tal group, the Putah Creek Council (working with the uni-
versity and the city of Davis), kept the creek from drying up
completely (Moyle et al. 1998). In the late 1990s, a series of
wet years led to recovery of native resident fish and to re-
turn of chinook salmon, Pacific lamprey, and steelhead to
spawn successfully. These fish are now protected by an
agreement that will keep the stream flowing even during
drought years.

Dredged channels of the Sacramento—San Joaquin Delta
are examples of stream channel alterations on a mammoth
scale. The channels are inhabited by a variety of fishes, but
it is mainly introduced species that survive in such altered
environments. When levees are breached and floodplains
restored, flooded areas are heavily used by juvenile salmon,
splittail, and other native fishes. Similar negative effects
were observed when sloughs along the lower Colorado
River were drained as part of a large channelization project
(Beland 1953a).

Draining of Streams and Lakes

The ultimate reduction in fish habitat in California through
dewatering was the drainage of Tulare, Buena Vista, and
Kern Lakes on the floor of the San Joaquin Valley. These
huge, shallow lakes supported a small commercial fishery
for turtles and native minnows in the 19th century. Unfor-
tunately, they were drained for farmland before anyone was
able to take a close look at the fish fauna.

On a smaller scale, continuous drainage and diking of
wetlands that border lakes and streams have negative effects
on fish populations. Some, such as splittail, require flooded
vegetation for spawning, whereas others, such as hitch, use
flooded marshes as cover for their young. Marshlands, with
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their large biomass of plants, are also a source of nutrients
for aquatic systems, such as the San Francisco Estuary, sup-
porting food chains that lead to fish.

Grazing Livestock

Grazing by livestock in riparian areas has severely damaged
thousands of miles of California streams. It has been going
on for 300-400 years, so in many areas undamaged streams
hardly exist, and the public perception of a “natural” stream
is often of one that is denuded of much of its riparian cover,
Willow Creek is a common name for California streams—
yet creeks with this name often have few willows along their
banks. Although livestock densities on rangeland are usu-
ally expressed in terms of acres per animal, in fact the ani-
mals concentrate along streams, where there is water and
succulent vegetation (Minshall et al. 1989). The effects of
livestock are many and far reaching:

* They remove the riparian plants that provide cover for
fish, are a major source of insect food, stabilize stream-
banks, and keep water temperatures cooler through
shading.

They eat aquatic plants, removing cover for fish and
invertebrates in the process, and stir sediments from
the stream bottom, lowering the ability of algae to cap-
ture sunlight by decreasing water clarity and covering
rocks with sediment.

They trample banks, causing undercuts {(important as
cover for fish) to cave in. Bank collapse also increases
erosion, filling pools and riffles with silt. This results in

shallower, more uniform stream channels and less
habitat for fish.

They compact soils in meadows around streams, re-
ducing their ability to hold water and increasing the
rapidity of runoff. This results in downcutting of the
streambed, in some cases by as much as 2-4 m below
its original level, replacing a meandering stream with
a gully. In some areas, the compaction changes wet
meadows into dry sagebrush flats and permanent
streams into intermittent ones.

* They pollute the water with their feces and urine.

Not surprisingly, streams with heavy grazing pressure
have reduced fish populations, especially of the larger fish
favored by anglers. A classic example of this is Pine Creek
(Lassen County), the principal tributary of Eagle Lake and
spawning stream of Eagle Lake rainbow trout. More than a
century of heavy grazing of meadows around the stream
converted most of them to sagebrush flats and caused much
of the stream to cut a channel 1-3 m deep, with rounded,
sloping banks. The lower reaches became warm and inter-

mittent, unsuitable for downstream passage of juvenile
trout from more permanent spawning and rearing areas up-
stream. As a result, Eagle Lake trout survive only because
CDFG captures most fish attempting to move upstream to
spawn, spawns them artificially, and rears their young in
hatcheries for 1-2 years for reintroduction into the lake,

For many streams, such as Pine Creek, the damage done
by livestock is reversible, provided animals are excluded
from using the creek area on a continuous basis and other
well-known stream restoration techniques are applied
(Minshall et al. 1989). This type of restoration is increasing
in California, despite the reluctance of some managers of
public land to reduce grazing allotments or engage in the
expensive fencing of stream corridors.

Logging

Like grazing, continuous logging activity in some areas has
altered streams to such an extent that we hardly know what a
natural stream looks like. Logging, and the road building on
steep slopes associated with it, can alter flow regimes (usually
exaggerating both high and low flows); increase erosion,
sedimentation, and turbidity; compact streambeds; increase
water temperatures; create barriers to fish migration (e.g.,
by causing landslides); and reduce the amount of logs and
other debris in streams that are important for creating habi-
ta}t structure. Removal of trees and compaction of soil by log-
ging equipment tend to increase winter and spring runoff,
resulting in more damaging floods. At higher elevations,
snow melts more quickly in the absence of shade; this reduces
the length of the runoff season and increases peak flows.
In some situations, vegetation removal may actually cre-
ate year-round flows in normally intermittent streams, im-
proving the streams for some fish species. Large spring
floods, however, may offset any gains by increasing stream-
bank erosion, silting in pools and riffles (or, alternately, by
scouring and compacting them), decreasing water clarity,
and creating barriers of fallen trees and logs. Poor logging
practices—such as using streambeds for roadways or clear-
cutting steep hillsides—exaggerate these effects, just as
careful logging practices—such as leaving a wide buffer of
uncut forest along streams (including fishless seasonal trib-
utaries) and selective cutting of timber stands—can mini-
mize them. Thus Burns (1972) found that careless logging
along the Noyo River (Mendocino County) caused a 42 per-
cent decrease in young steelhead biomass and a 65 percent
decrease in young coho salmon biomass, yet careful logging
along other similar streams temporarily increased produc-
tion of juveniles of these two species. However, the contin-
ued decline of coho salmon in the Noyo and other rivers,
even in areas that have not been clear-cut, reflects the need
to leave large trees in the riparian zone. These trees eventu-
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ally fall into creeks, creating cover that is especially impor-
tant during periods of high flow in winter. Indeed, there is
growing realization that overwintering habitat is one of the
key limiting factors for coho salmon and presumably other
fishes (see the coho salmon account, p. 247).

An example of a stream devastated by logging is Bull
Creek, now in Humboldt Redwoods State Park. It originally
flowed through a large watershed heavily forested by coast
redwoods and other old-growth trees and had a fairly nar-
row channel full of deep pools. It supported large runs of
coho salmon and steelhead, as well as other native fishes.
Virtually all the large redwoods on the floodplain, except for
some groves near the Eel River, were removed first, creating
a sunny, exposed area with a shallow stream flowing
through a braided channel. Then in the 1950s most trees
were removed from the steep slopes of the upper drainage,
and large-scale erosion of hillsides took place, sending huge
quantities of rock and gravel downstream and making re-
forestation of the hillsides extremely difficult. The eroded
material was deposited in the downstream reaches, creating
an even more extensive exposed, gravelly floodplain and
eliminating most large pools.

The massive nature of the erosion can be easily seen in
Cuneo Creek;, a tributary to Bull Creek, where it is possible
to stand on the buried remains of an old bridge and look
at a newer bridge several meters overhead; there is report-
edly another bridge buried several meters below the bridge
in the stream channell As a result of habitat burial, coho
salmon disappeared from the drainage, steelhead numbers
were reduced, and introduced California roach and Sacra-
mento pikeminnow invaded. Following the devastation,
private owners of the watershed generously sold it to the
California state park system, which is now undertaking to
restore Bull Creek. Restoration will have been accom-
plished when a large run of coho salmon again spawns in
the creek.

The need for such restoration attempts on other coastal
streams is indicated by the fact that at least half have lost
their coho populations in the past 50 years, and there are
now fewer than 5,000 wild coho spawning in the state in
most years (Brown et al. 1994), Virtually all former coho
streams have a history of heavy logging in their drainages.

Mining

The first really drastic alterations of California streams were
those of gold miners, who, in their frantic search for tiny bits
of metal, despoiled hundreds of miles of streambed by
placer and hydraulic mining. In the process of digging up
the streambeds and banks, they destroyed large salmon runs
in Sierra Nevada streams and turned shady, pool-and-riffle
trout streams into long, shallow, exposed runs. Some
streams are still nearly barren of fish. The South Fork Yuba
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River at Malakoff Diggins, for example, contains only sparse
populations of pikeminnow, hardhead, and suckers, and
few rainbow trout; other species that should be found there
are not (Gard 1994). Hydraulic mining also sent millions of
cubic meters of gravel and debris into the Sacramento River,
raising its bottom by as much as 9 m. Not surprisingly, this
practice increased flooding of surrounding lands and re-
sulted in a ban on hydraulic mining in 1884. Curiously, the
influx of all this material was probably responsible for the
astonishingly rapid establishment of striped bass and
American shad in the river, because both species produce
semibuoyant embryos that seem adapted for silt-laden en-
vironments, unlike the embryos of the native fishes, which
stick to the bottom or are buried in gravel.

Today many streams are once again attracting gold min-
ers, using suction dredges to extract tiny bits of gold from
worked-over river gravels, In most areas, these activities are
highly localized and brief in duration, and they seem to
have little effect on resident fishes, except where dredgers
burrow (illegally) into streambanks (Harvey 1986). Where
adult spring-run chinook salmon and summer steelhead
hold over summer, dredging can disturb the fish, causing

them to swim about and use energy reserves needed for

spawning. When they do spawn, redds built on the gravel
spoils from dredging are more likely to be scoured during
high flows than redds built on undredged gravel areas (Har-
vey and Lisle 1999). Where dredging activity is common,
these fishes tend to disappear, although poaching by
dredgers (who usually camp by the streams) may be a ma-
jor factor as well.

Another well-established mining activity in streams is
gravel removal. In low-gradient reaches of large streams,
gravel is an abundant, valuable, and even renewable re-
source, washed in with each flood. Dams, however, reduce
or eliminate recruitment of gravel, and modern extraction
techniques can remove enormous amounts fairly quickly.
Although most gravel mining takes place in summer, when
flows are low, it nevertheless can alter streambeds and chan-
nels, eliminate fish from the extraction areas, and send silt
downstream. In some areas, such as lower Tuolumne and
Merced Rivers, gravel extraction has created big pits in the
channel, which remain because dams upstream eliminated
most floods and gravel recruitment. These pits are inhab-
ited by largemouth bass, smallmouth bass, channel catfish,
and other alien fishes, which support a local fishery. Unfor-
tunately, they are also major predators on juvenile salmon,
which must pass through the pits on their way downstream.
One study estimated that 67 percent of juvenile salmon
passing through the lower Tuolumne were consumed by
such predators (EA Engineering, Science, & Technology
1990, unpubl. study).

A major long-term consequence of hard rock mining is
the leaching of heavy metals and acidic water from aban-

doned mines; these substances become a permanent source
of pollution in streams. The Coast Range, for example, is
riddled with mercury mines from the 19th century, which
continue to leach toxic metals into creeks, contaminating
the fish and food webs of which they are part. In Clear Lake,
Lake County, spoils from the Sulphur Bank Mine rest on the
shore and are a major source of mercury in the lake, Con-
cern over its potential effects on human health and on the
Clear Lake ecosystem were significant enough for the mine
to became a USEPA Superfund site in 1991 (Webber and
Suchanek 1998).

Watershed Changes

The reduction or alteration of stream fish faunas rarely has
a single cause. Often it is hard to identify exactly why a
stream once rich in life has become relatively barren. The
causes are usually rooted in long-term, multiple abuses of
the entire watershed: too much grazing by livestock, re-
moval of trees by logging, road building on unstable slopes,
poorly regulated mining, heavy use by off-road vehicles,
urban development, dams and diversions, and so on. Coastal
drainages of southern California contain many streams
degraded by debris torrents. These are semiliquid land-
slides that rush down mountain watercourses following
heavy rains on lands that have been destabilized by multi-
ple factors and from which much of the vegetation has been
removed by intense fires (also of human origin). To a cer-
tain extent such torrents are natural, but their frequency
has undoubtedly increased with increased human abuse of
the land.

In the San Francisco Bay area, the multiple effects of ur-
banization have drastically changed both stream habitats
and the fish fauna (Leidy and Fiedler 1985). At upper eleva-
tions of the streams, where watersheds are protected for
water supply purposes, native fishes predominate in well-
shaded streams with high water quality. At low elevations,
streams are often confined to concrete channels or are un-
shaded, silt-bottomed ditches containing polluted water.
Such habitats are dominated by alien species.

In northern California, coastal streams, such as the Eel
and Trinity Rivers, are still recovering from the disastrous
floods of 1955 and 1964. These floods resulted from
extraordinarily heavy winter rains that ran quickly off land-
scapes that naturally do not retain much water. The natural
tendencies to shed water quickly and erode were accentu-
ated by years of overgrazing, poor logging practices, and
road building on unstable slopes. The result was massive
landslides, which filled streambeds and pools with loose
gravels throughout the drainages. Enormous flows greatly
widened stream channels and eliminated most riparian veg-
etation. Habitat for anadromous fish was greatly reduced
when sections of stream subsequently became too warm

and shallow for juveniles during the summer. Most holding
habitat for adult spring-run chinook and summer steelhead
was eliminated. In South Fork Trinity River, the spring run
of chinook salmon abruptly decreased from around 11,000
fish to 0-350 fish (Campbell and Moyle 1991). Deep pools
in these drainages are gradually being scoured out again,
but because land management practices have not changed
much, devastating floods can be expected again.

The fact that fish declines are tied to multiple and cu-
mulative abuses of the land and water has encouraged a
growing watershed protection movement. Increasingly,
agencies such as USEPA and CDFG are working with
watershed-based citizen groups to solve problems, as those
living within watersheds come to recognize that protection
and restoration of watershed processes are in their own best
interest, The symbol of a healthy watershed is often the re-
turn of native fishes—especially spectacular forms like coho
and chinook salmon (Moyle et al. 1998; House 1999).

Pollution

One of the sad realities of California is that water not used
directly for one purpose or another is likely to be polluted
to some degree. Pollution is especially hard on the native
fishes. In foothill streams of the San Joaquin Valley, most na-
tive fishes are able to live only in clear, unpolluted sections.
The exception is California roach, which can live in large
numbers in streams polluted with effluent from small-town
sewage disposal systems. Fish kills from various types of
pollution are common:

* In 1971, fishes inhabiting the lower Pajaro River, in-
cluding a run of steelhead, were virtually wiped out by
failure of the sewage treatment plant at Watsonville,
which released large amounts of raw sewage.

Three years earlier, a similar kill took place in the Pa-
jaro when a farmer washed his crop-spraying gear in
the river, releasing highly toxic pesticides (Lollock
1968). This disaster apparently was responsible for
eliminating the last tule perch living in Monterey Bay
drainage streams.

Bury (1972) recorded a kill of more than 2,500 Pacific
lampreys, rainbow trout, Klamath smallscale suckers,
and speckled dace in a small stream in Trinity County,
due to a spill of 2,000 gallons of diesel oil.

+ A kill of several hundred rainbow trout in Mill Creek,
Mendocino County, occurred in August 1973, when an
airplane carrying a load of fire-retardant chemicals
and clay accidentally dumped the load into the stream
rather than on a small wildfire burning nearby (H. W.
Li, pers. comm.).
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+ The biggest fish kill in recent years was the 1991 Can-  tent, introductions of fishes may also have been necessary, Table 10
tera spill on the upper Sacramento River, where arail-  because so many aquatic habitats altered or created in the Alien Species Established in California
road tank car of soil fumigant plunged into the Sacra-  past 150 years are poorly suited for native fishes. The 51 alien Year of prine
mento River, spilling its highly toxic cargo. About 65  freshwater fishes of California have a worldwide origin, al- Species introduction Oriai frm.CIp aldreaslon Present
km of high-quality trout water was denuded of itsan-  though most of them (36) are from other parts of North o or introduction status
imal life. America (Table 10). There are four species from other parts Goldfish 1860s(?) Japan Ornamental 1D
of western North America, four species from Africa, three American shad 1871 EUSA Food IIC
Fish kills such as these, with a variety of causes, can, if re- species from Europe, and seven species from eastern Asia. Brook trout 1871 or 1872 EUSA Sport D
peated in one stream system, permanently alter the nature The first official introduction into California was made in Common carp 1872 Europe Food D
of its fish fauna. Streams do have remarkable powers of re- 1871, when American shad were carried across country on Brown bullhead 1874 MUSA Food 1D
covery from spills of toxic materials—provided the material ~ the newly completed transcontinental railroad. The next ;lfnhilenii;hbass ig;i EUSA Food 1D
is not persistent and the spills are not chronic (Payne and  decade broughta spate of introductions from the East Coast, Striped bass L7 II;/IL%?:\ ;Eg:lt//jozi E]C)
Associates 1998). However, “rapid” recovery of a fishery  carried in special railroad cars, the largest of their day, Lake trout 1889(2) M USA Sport /fz od e
may take several years, and such a long interval can be dev- specially built to transport fish. On return trips from Yellow perch 1891 M USA Sport/food 1IC
astating to a local economy dependent upon the fishery. California, the cars usually carried rainbow trout and chi- Channel catfish 1891(2) M USA Food/sport D
Although direct fish kills by pollution are common,  nook salmon from the McCloud River and other localities. Golden shiner 1891(2) EUSA Forage IE
more significant to fish populations are chronic, nonlethal ~ Most introductions were sponsored by the U.S. Fish Com- Warmouth 1891(2) MUSA Sport/food 1c
forms of pollution that decrease growth, inhibit reproduc- ~ mission and its state counterpart, the California Fish I};?:Cglizzuthi:ass i:g i or 1895 MUsA Sport/food b
tion, or prevent migration. Laboratory studies of persistent ~ Commission, with help from groups such as the California White craﬁ)ppie 1891 Z: 1382 x ggi 2P0fg gooj 1D |
pesticides, such as DD, have shown that low levels can have  Acclimatization Society and entrepreneurs such as Julius Green sunfish 1891 or 1908 M USA I\/I[)iZIak:O EB |
such effects on salmon and trout, but the subtle nature of ~ Poppe, who brought in common carp (Dill and Cordone Brown trout 1893 Europe Sport D |
the effects usually makes it difficult to link the decline of a 1997). Members of these organizations were convinced that Arctic grayling 1906 and 1970 MUSA Sport TIA i
fish population to pesticide levels. Thus an increase in pes-  California fisheries would be greatly improved with the in- Bluegill 1908 M USA Sport 1D
ticide levels from rice paddies draining into the Sacramento  troduction of “superior” nonnative fishes. In the 1870s, 11 Tench ) 1922 . Europe Food 1B
River during the 1980s was, according to laboratory toxic-  species were successfully introduced, and many other intro- ;NeSter; ;nosqmmﬁSh 1922 EUSA Insect control IIE
ity studies, enough to account for the continuing decline of ~ ductions failed. In following decades, there was a steady Bi?ctliebu]]f:a d gg gs ISEEULSIiA §P0rt' IIE
striped bass populations (Bailey et al. 1994). Larval striped  stream of official and unofficial introductions into the state, Kokanee 1941 W Canada ngi? food ﬁg
bass are sensitive to the rice pesticides, which were present ~ with a peak (13 species) in the 1960s. However, introduc- Yellow bullhead Ca. 1940 EUSA Sport/food IC
in the water, and many of them showed deformed livers,in-  tions have increasingly been deliberate, unauthorized ac- Redear sunfish Ca. 1950 and 1954  SEUSA Sport D
dicative of toxicity (Bennett et al. 1995). However, when tions or by-products of other human activity, mainly trade. Red shiner Ca. 1950 M USA Bait IIE
pesticide levels dropped owing to a change in agricultural ~ CDFG has not authorized any since 1972, except for the use Bigscale logperch 1953 SWUSA Hitchhiker IID
practices, the bass did not recover, suggesting that multiple  of sterile, triploid grass carp for weed control in canals of the Fathead mirmow 1953() MUSA Forage/bait IE
factors were suppressing the bass population. Coachella Valley. CDFG did give a permitin 1982 to a Lassen I{ilr;jif:; iilﬁgish gg‘é ]SEE UiA Forage 1ID
Unfortunately, some of the biggest poltution-related dis- County rancher, allowing him to raise Mozambique tilapia Wakasagi 195 9S Ia;\i ?;zh?ker Eg
asters may be yet to come, thanks to pollutants from toxic  in High Rock Spring. Technically, this was not an introduc- Blue tilapia Early 1960s Africa Aquagculture IIC
waste sites. Particularly worrisome is Iron Mountain Mine  tion because tilapia were already present in southern Cali- Nile tilapia Early 1960s Africa Aquaculture 1IC
on Spring Creek, a tributary to the Sacramento River. Wa- fornia waters. Yet the result was extinction of tui chub and Mozambique tilapia Early 1960s Africa Aquaculture IIE
ter leaching from this mine is highly acid and laced with ~ speckled dace endemic to the spring. Redeye bass 1962 SE USA Sport IIC
heavy metals, including copper, zinc, and cadmium. Large Illegal introduction of fishes—not only bringing in new Flathead catfish 1962(?) SEUSA Sport 11D
amounts are retained behind an earthen dam, from which  species but also transferring already established species to ;{e%EWﬁn gﬂo by Early 1960s E Asia Ballast water 1IE
the water is allowed to trickle into the river. If the dam  newlocalities—is a growing problem in the state. Thus white S;Lr;;n;cﬁly E:ﬁy izggs SE VSA Ornamental 1c
. . . y S Mexico Ornamental 1B
should fail or be overwhelmed by flood, an enormous killof ~ bass were moved by anglers to Kaweah Reservoir in the San White bass 1965 EUSA sport HE
Sacramento River fishes, including salmon and steelhead, ~ Joaquin drainage from Nacimiento Reservoir on the coast. Redbelly tilapia Late 1960s Africa Weed control 1C
would almost certainly result. Because of the potential of this predator to devastate popu- Inland silverside 1967 SEUSA Insect control IIE
lations of salmon and other fishes, several million dollars Oriental weatherfish Late 1960s E Asia Ornamental 1B
were spent on its eradication (N. Villa, CDFG, pers. comm.). Blue catfish 1969 MUSA Sport ji(o
Alien Species A similar operation was necessary to eradicate northern pike gﬁﬁ?ﬁ l.weli)earer léarly 1970s Mexico Ornamental IR
from Frenchman Reservoir on the Feather River. Soon after Grass Carr; 8By 1:é51980 Eii? Siuzst waterl IE
The introduction of alien species into California was in-  this eradication effort, pike appeared in Davis Reservoir Northern pike 19506 oo saA spi)ert contro EE
evitable, both because Europeans have seldom been satisfied (1994), on another Feather River tributary. In 1997 the reser- Shokihaze goby Ca. 1995 Japan Ballast water 1IB
with the flora and fauna native to newly settled areas (Crosby ~ voir was poisoned with rotenone, in an enormously costly
1986) and because a fundamental Western value seemstobe  and contentious procedure, but the pike reappeared in 1999. Sotrce: Based on Dill and Cordone (1997).
that nature can always be improved upon. To a certain ex-  Present plans are to contain the pike within Davis Reservoir Notes: The list is in chronological order. Source codes: E, eastern; M, Midwestern; SE, southeastern; W, western.
Status codes are defined in the Preface; A, recently extirpated; E, abundant and invading new areas.
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rather than to try to eliminate it (CDFG 2000). It is too late
for an eradication program for Sacramento pikeminnow
and California roach, which were introduced, probably by
anglers, into the Eel River drainage, where they have major
effects on native fishes (Brown and Moyle 1996).

Increasingly, fishes are being introduced into new areas
by aqueducts that bridge drainages. The aqueduct connect-
ing the Owens Valley to the Los Angeles basin has transferred
Owens suckers to the Santa Clara River, where they have hy-
bridized with Santa Ana suckers. The California aqueduct,
which takes water from the Sacramento—San Joaquin Delta,
has successfully transported a wide variety of fishes to south-
ern California, including native species such as tule perch,
hitch, blackfish, and prickly sculpin. The aqueduct has
also contributed to the rapid spread of alien species. For
example, the inland silverside was introduced into Clear
Lake in 1967 and was present in southern California by 1984
(Fig. 15). The spread of silversides was enhanced by anglers
who moved them to numerous reservoirs on the unproven
assumption that they are good forage fish for bass.

Despite the importance of water projects in distributing
fish across California, most species have been introduced

\

deliberately because of American perceptions that the na-
tive fish fauna is inadequate to satisfy the needs of a grow-
ing state. This perception was dominant during the late 19th
and early 20th centuries despite the abundance of salmon,
trout, and large cyprinids, all of which were harvested in
large numbers. It is still a common attitude among anglers,
although increasingly uncommon among fisheries biolo-
gists. Reasons given for introducing fish fall into the follow-
ing categories: (1) improving fishing by introducing new
and better species; (2) improving fishing by improving the
forage base for harvested species; (3) providing bait for an-
glers; (4) providing biological control of aquatic pests; (5)
providing better species for aquaculture; and (6) providing
homes for pet fish. In addition, a number of small species
have been transported into the state as a by-product of
other human activities, such as dumping of ballast water.
By-product introductions, however, must now be regarded
as deliberate introductions because the industries and indi-
viduals involved have no excuse for not knowing their
activities may be bringing in new species. These fishes are
best regarded as a form of pollution, discharged into the
environment.

1967 Introduced, Clear Lake
1972 Cache & Putah Creeks

1975 Abundant in Delta

1968 — 71 |Introduction into
San Jose Reservoirs
\ 1975 — 80 Spreads Through

Silverwood Res. 1981

Perris Res. 1984
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San Joaquin Valley

Figure 15. Spread of inland silverside
from its site of first introduction
(Clear Lake) to southern California,
1967-1984.

Fishing

Most of the deliberate introductions into California were
meant to improve sport and commercial fishing and to pro-
vide cheap food for the people of the state. One of the most
successful introductions of this type was common carp,
which was considered in the late 1800s to be superior in
both sporting and culinary qualities to most other fish
(Moyle 1984). It is curious that this fish was introduced into
waters already supporting large numbers of native, carplike
fishes, just as it is curious that brook trout, lake trout, brown
trout, kokanee, and grayling were introduced into a state
with perhaps the most diverse salmonid fauna in North
America. More understandable were the introductions of
catfishes, basses, and sunfishes, which now form the back-
bone of California’s warmwater fisheries, because native
cyprinids were simply not acceptable to Euro-American an-
glers. The only widely accepted warmwater game fish native
to California is Sacramento perch, which declined quickly
during the 20th century. Unfortunately, some anglers still
consider bringing in new fish to be a good way to improve
fishing. This misconception has resulted in the disastrous
introduction of northern pike and the spread of other non-
native fishes to new waters, such as white bass to Kaweah
and Pine Flat Reservoirs and yellow perch to Lafayette
Reservoir.

An area in which fish introductions have had major—
but until recently largely unnoticed—impacts has been
trout introductions into high-elevation lakes and streams.
With a few exceptions (e.g., Lake Tahoe, the upper Kern
River), waters at elevations over 2,000 m were originally
fishless, including over 4,000 lakes in the Sierra Nevada (Fig.
14). Thanks to continuous introduction programs from the
19th century (by coffeepot and horseback) to the present
(by airplane), trout are now abundant in all alpine areas,
radically changing the ecology of lakes and streams (Moyle
and Randall 1998). The most conspicuous result has been
the decline of amphibians such as mountain yellow legged
frog (Rana muscosa) and Yosemite toad (Bufo canorus) that
depend on deep lakes for overwintering; they presumably
are eaten when they venture too far from shore.

Forage

The results of introducing game fishes have often been dis-
appointing, especially in reservoirs. In many instances, the
disappointed fisheries managers concluded that growth and
survival of the game fishes would be improved if more food
was provided. Additional fishes were therefore introduced
as forage. These fishes have generally been small zooplank-
ton feeders (such as threadfin shad, wakasagi, and inland sil-
verside), although native fishes (such as tui chub, hitch, and
threespine stickleback) have also been tried. Their success

in improving fisheries has been mixed, and in some cases
forage fishes may actually decrease the growth and survival
of young game fishes by competing with them for food.

Bait

Golden shiner, red shiner, and fathead minnow are the only
legal bait fishes in California, and they have become wide-
spread as the result of repeated introductions by irrespon-
sible anglers who dump their leftover minnows into what-
ever water they are fishing. Golden shiners are especially
successful, and their establishment in small lakes often leads
to the decline of trout and other species, because of the
shiners’ tendency to reduce the amount of zooplankton and
other available food. Various native minnows (such as Cal-
ifornia roach, hitch, and tui chub) have also become estab-
lished in waters outside their native ranges, presumably as a
result of illegal use as bait.

Biological Control

Western mosquitofish and, more recently, inland silverside
were introduced to help control mosquitoes and gnats by
feeding on the larvae. The success of both species in insect
control is a subject for debate, although careful use of mos-
quitofish in rice paddies as well as in urban ponds and
ditches has proven to be an acceptable alternative to insec-
ticides. Mosquito control is likewise one reason given for in-
troducing the Mozambique mouthbrooder, although it has
also been justified as a sport fish, weed control agent, aquar-
ium fish, and aquaculture species. The weakest of these rea-
sons is probably weed control, and as a result other fishes
(mainly other tilapia species and grass carp) have been in-
troduced to check aquatic weeds in ponds and canals. Be-
cause aquatic plants that are weeds in one body of water can
be essential habitat for fish in another, there is considerable
concern over the introduction of fishes, especially grass
carp, for weed control. In California so far, the only grass
carp permitted are sterile triploids in the Coachella Valley.

Aquaculture

Aquaculture is a growing industry in California, and there are
frequent proposals to bring in new species for culture pur-
poses or to move species already present to new areas. The
main fishes raised in artificial systems in California are
channel catfish, striped bass (or striped bass—white bass hy-
brids), and rainbow trout, although golden shiners, fathead
minnows, and red shiners are raised for bait, and goldfish,
koi, and various tropical fishes are reared for the aquarium
industry. The problem with fish farms is that they leak fish;
invariably whatever species is being grown escapes into local
waters. This is the most likely method by which Mozam-
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bique tilapia, sailfin molly, and porthole livebearer became
established in southern California and blue catfish became es-
tablished in the Central Valley. As mentioned, the extinction
of High Rock Spring tui chub and speckled dace in 1989
seems to have resulted from the establishment of tilapia in the
spring—escapees from an aquaculture operation.

Pets

Owners of aquarium fishes who have tired of their charges
and released them in (or flushed them into) the nearest lake
or stream are probably responsible for most wild goldfish
populations and for guppies that frequent sewage treatment
plants. The single records of a number of tropical fishes
from waters around the state are also the result of such in-
troductions. These fishes rarely survive for long, either
killed by unfavorable environmental conditions or eaten by
predators. However, “escaped” pets may occasionally sur-
vive for long periods of time; an example is the 1.3-m-long
alligator gar caught in the Delta in 1991. Releases of pet fish,
such as sailfin mollies, into warm desert springs where they
can survive have posed a major problem for desert fish con-
servation, because the alien fishes compete with or prey on
native fishes and eat endemic invertebrates as well.

By-product Introductions -

At least five species of fish and numerous invertebrates have
been introduced into the state as by-products of human ac-
tivity, and more can be expected. Bigscale logperch came in
with a shipment of largemouth bass. Rainwater killifish first
probably arrived as eggs on oyster shells. Yellowfin and shi-
mofuri gobies apparently were flushed into estuaries with
ballast water from cargo ships, as were numerous inverte-
brates. Rapid transport of organisms around the world in
clean ballast water is a growing problem, resulting in major
changes in estuarine and bay ecosystems. The problem is
particularly acute in San Francisco Bay, where a new species
becomes established, on average, once every 12 weeks; the
Bay has been called the “most invaded estuary in the world”
(Cohen and Carlton 1998, p. 555). Within the state, the
transport of fishes by canals is also a type of by-product in-
troduction, with far-reaching consequences.

Impacts of Alien Fishes

Alien fishes have radically changed the nature of California’s
fish fauna because they are the most abundant fishes in
many waterways. Nevertheless, the invaders have been only
partially responsible for reduction of the native fish fauna.
By and large, alien species are most abundant in aquatic
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habitats modified by human activity, whereas native fishes
persist in undisturbed areas. In the San Joaquin River sys-
tem, for example, the aggressive, predatory green sunfish is
widely distributed in foothill streams. In undisturbed re-
gions they occur only as scattered large adults, while native
minnows remain abundant. If a stream section is dammed,
bulldozed, or otherwise changed, the sunfishes quickly take
over and native fishes become uncommon (Moyle and
Nichols 1974). In Deer Creek, Tehama County, introduced
warmwater fishes dominate on the Sacramento Valley floor,
where the channel has been altered and water diverted, and
in a section of heavily grazed and fished meadow where in-
troduced brown trout dominate. In other reaches of the
stream, native fishes predominate (Fig. 5) and apparently
actively “resist” the invasions of nonnative species (Baltz
and Moyle 1993). The most abundant fishes in most reser-
voirs are aliens, even though the streams feeding them may
be dominated by natives. All these disturbed habitats would
contain native species if alien species were absent, indicat-
ing that biotic interactions between the two groups in al-
tered habitats favor introduced species. These interactions
include (1) competition, (2) predation, (3) habitat interfer-
ence, (4) disease, and (5) hybridization.

Competition

Competition between two species for a resource (usually
food or space) in limited supply, which results in one
species being eliminated, is frequently invoked as a cause
for faunal changes. Yet it is in fact very difficult to demon-
strate, If an alien species can survive in an undisturbed en-
vironment, it is likely to reach some sort of population
equilibrium with species already present, reducing popula-
tions of the native fishes but not eliminating them. Thus
the introduction of golden shiners into a California trout
lake usually results in decreased growth and reproduction
of the trout population, but the trout seldom disappear al-
together. However, native California fish species that seem
to have been eliminated from their natural ranges because
of competition from introduced species include Sacra-
mento perch and Lahontan cutthroat trout. The disap-
pearance of the perch from the Sacramento-San Joaquin
system was gradual (not obviously correlated with envi-
ronmental changes), yet the species is very successful in a
wide variety of ponds, reservoirs, and lakes into which it
has been introduced. The common denominator among
these waters is the absence of ecologically similar but more
aggressive species, particularly black crappie and bluegill.
It is likely that competition takes place for nest sites, food,
or both. Predation on young-of-year perch may also be in-
volved. Flimination of Lahontan cutthroat trout from its
native streams is apparently also due to aggressive compe-

tition for space and food from introduced brown, brook,
and rainbow trouts, although disease, predation, and hy-
bridization may also have played a role.

Predation

Predation by alien species on native fishes is another mech-
anism commonly invoked to explain the disappearance of
species. In reservoirs, this is the most likely mechanism by
which smallmouth and largemouth bass eliminate pike-
minnows and hardhead. Before bass are introduced, these
cyprinids can be abundant, but once bass are established
they gradually disappear, because no young are recruited. In
the South Yuba River, young-of-year hardhead are found
mainly above a barrier to smallmouth bass invasion, al-
though larger hardhead are common below the barrier, The
young cyprinids school in shallow water and are thus ex-

tremely vulnerable to bass predation. Predation by green
sunfish is probably responsible for local extinctions of
California roach, although habitat change may also play a

role. The sunfish invade intermittent roach streams, which

are ecologically similar to their native Midwestern streams,

and become trapped with the roach in summer pools.

Under these circumstances they can easily eliminate the

roach. In the Eel River, predation by introduced pike-

minnow is responsible for major changes in community

structure and seems to be a significant factor in depressing

chinook salmon populations.

Particularly vulnerable to predation by alien species are
larval and early juvenile stages, during the first few days to
weeks after hatching. In the Colorado River, natural repro-
duction of native cyprinids and suckers seems to be largely
prevented by the abundance of alien fishes, such as red
shiner, in habitats required as nursery areas by larval fish
(Minckley 1991a). Likewise, in Putah Creek, recruitment of
juvenile fish from larvae seems to occur mainly in reaches
where alien fishes are scarce (Marchetti and Moyle 2000),

Habitat Interference

Habitat interference occurs when an alien species changes
habitat characteristics by its activities and the change forces
native forms to leave or suffer reduced populations. Com-
mon carp are the main villains in this category because they
root bottoms, digging up aquatic plants and greatly in-
creasing the amount of suspended matter in the water.
Fishes (including many game fishes) that require clear wa-
ter for feeding or breeding may have their populations re-
duced or eliminated. In California the effect of carp is diffi-
cult to assess because they live mostly in disturbed habitats.
Habitat alteration continues to be the main objection to the
introduction of herbivorous fishes (e.g., grass carp, redbelly

tilapia) into natural waters, because they may eliminate or
change the composition of aquatic plant communities im-
portant in the life cycles of other fishes.

Disease

Disease is a poorly understood mechanism by which one
species can replace another. Alien species, unless they have
gone through several generations of quarantine, are likely to
bring their diseases and parasites with them. These in turn
may kill or weaken native fishes not immune to them. This
outcome has been especially noted in salmonids; even mov-
ing strains of one species from one place to another can have
severe effects on native populations. Disease or parasites are
often suspected as causes of fish declines, but are rarely doc-
umented, especially in California.

Hybridization

Hybridization between two closely related species or sub-
species has been a problem primarily when fish are trans-
ferred from one drainage system in California to another.
The Mojave tui chub is now an endangered species because
it has hybridized in most of its natural range with intro-
duced arroyo chub, and the hybrids are almost identical
with pure arroyo chubs (Hubbs and Miller 1943). Results
are similar when Lahontan cutthroat trout or golden trout
hybridize with introduced coastal rainbow trout.

Hatcheries

Fish hatcheries have long been a solution for maintenance
of fisheries in the face of massive water development and
heavy exploitation. The basic assumption behind hatcheries
is that they can produce fish to replace those lost through
human machinations and thereby permit activities to con-
tinue that deplete wild populations. Historian Michael
Black (1995) has found that salmon and steelhead hatch-
eries are part of the failed serialistic policy of fisheries man-
agement agencies, which have tacitly agreed to keep trying
to find new technological solutions to the problem of de-
clining fish populations (including better hatcheries, fish
ladders, trucking fish around problem areas, and genetic en-
gineering), rather than addressing the root causes. When
one policy fails another is tried, until the fish are gone
(which, of course, is one solution to the problem). Because
salmon and steelhead populations in the state have col-
lapsed despite the presence of many hatcheries, large and
small, the value of hatcheries has been questioned. In fact,
there is growing recognition that the decline of wild stocks
of salmon and steelhead, or their failure to recover from de-
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cline, may be partially due to the negative effects of hatchery-
reared fish on wild fish and fisheries. This section deals
mainly with the problems created by hatcheries for anadro-
mous fish.

The ways in which hatchery fish and wild fish interact are
complex, and negative effects of hatchery fish on wild fish are
not always intuitively obvious; this may explain why it has
taken so long to figure them out. The effects of hatchery fish
on wild fish can be divided into ten categories: (1) genetic ef-
fects, (2) spawning interference, (3) spread of disease or par-
asites, (4) juvenile predation, (5) juvenile competition, (6)
life history effects, (7) oceanic effects, (8) harvest effects, (9)
other management effects, and (10) changes in public atti-
tudes. These factors rarely operate independently of one an-
other or in the absence of other outside effects.

Genetic Effects

Genetic effects are generally divided in turn into (1) direct
effects of hatchery fish on wild fish, (2) indirect effects of
hatchery fish on wild fish, and (3) genetic effects of hatch-
eries on hatchery fish (Waples 1991b). The direct genetic ef-
fects of hatchery fish are mainly the result of interbreeding
and introgression with wild fish. These effects are still not
as well understood as they need to be, but there is good rea-
son to think that the genetic distinctiveness of local wild
stocks or runs may be lost when there is massive intrusion
of hatchery fish. Indeed NMEFS refused to list coho salmon
from the lower Columbia River as a threatened species be-
cause of evidence of extensive introgression of domestic
and wild stocks. For wild fish genetic distinctiveness is pre-
sumed to reflect local adaptation (Taylor 1991), which is
important for long-term survival of populations. Hatchery
populations may be either less diverse genetically than local
wild populations (because of hatchery practices) or more
diverse (because of the use of fish from outside sources). In
either case, an artificially changed genetic makeup of local
stocks may make it harder for them to adapt to a changing
environment, an important characteristic in an era of cli-
mate change. For example, alteration of genetic material
that “programs” juvenile coho salmon to emerge a few days
or weeks later than is optimal for a system could potentially
greatly decrease survival rates. Such problems are likely to
be especially severe when natural populations are already
low. It is important to recognize, however, that local adap-
tation may not be as precise as it is sometimes made out to
be and that regional adaptations with considerable varia-
tion are probably the norm. Indeed these are partly the
basis for the Evolutionarily Significant Unit (ESU), the pre-
ferred currency of salmonid conservation. An ESU is a geo-
graphic group of populations that share common genetic,
life history, ecological, and other traits and that seem to be
on a common evolutionary trajectory (Waples 1991a,b).
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Member populations (often runs in different streams) are
assumed to be more likely to interbreed or interact with
other populations within an ESU than with neighboring
populations outside the ESU. If climatic and geologic con-
ditions were stable for a long enough period, each ESU
would presumably become a classic biological species.

One method adopted to maintain the genetic distinc-
tiveness of local stocks is to use streamside hatcheries that
spawn only local fish. Unfortunately, if survival rates to
adulthood in the hatchery-reared fish are lower than those
for wild fish and the wild fish population is small, the hatch-
ery may wind up becoming a sink for wild fish, resulting in
decreased spawning in the wild. This has happened in a
number of instances in Idaho and Oregon and no doubt
also in California, especially with coho salmon. Once the
populations become low, of course, there is the added temp-
tation to bring in outside fish to meet production quotas.

The above scenario might be best regarded as an indirect
genetic effect because any factor that reduces population size
in wild fish creates the danger of reducing genetic diversity
within the population. Other problems discussed here—
such as competition, predation, and disease—have the
added complication of reducing genetic diversity when they
reduce effective population size (the number of wild spawn-
ers) to extremely low levels.

Genetic changes in hatchery stocks are important to un-
derstand because they affect the nature of the interactions
with wild fish. Hatchery workers and the hatchery environ-
ment select for fish that are adapted for survival in hatch+
eries; five to seven generations of hatchery rearing are usu-
ally enough to cause major changes in the ability of a fish
species to survive in the wild. Despite the lower ability of
hatchery fish to survive (and, if they do survive, their poor
ability to compete with wild fish while spawning), their
sheer numbers can overwhelm even strong differences in
fitness between hatchery and wild stocks. There is certainly
a greater awareness than ever before of the genetic changes
that hatcheries wreak on salmon and steelhead, and more
and more effort is being made to use breeding techniques
that maximize genetic diversity. Nevertheless, the selective
pressures in a hatchery are always going to be different from
those in the wild, and the results of these differences will
manifest themselves in the behavior and survival of fish that
are released.

Spawning Interference

Fish of hatchery origin that come to natural streams to
spawn compete with wild fish for mates or for spawning
sites. Fleming and Gross (1994) indicate that coho salmon
of hatchery origin may have much lower spawning success
and embryo survival than wild fish in the same stream.
Hatchery males are generally less aggressive and less suc-

cessful at gaining mates than wild males. Nevertheless,
hatchery fish, especially if they make up a high percentage of
the spawners, can disrupt the breeding systems of wild fish
through their activities, depressing production .of wild
fish. The net result is an overall decrease in production.

Spread of Disease or Parasites

The crowded conditions in which hatchery fish live make
them exceptionally vulnerable to epidemics of diseases and
parasites, which may spread to wild populations. Use in
hatcheries of fish from outside a region may introduce new
diseases, as has happened with the spread of whirling dis-
ease among trout populations in the western United States.
Hatchery fish selected for disease resistance may carry dis-
ease into the wild to infect wild fish that are not resistant.
The spread of disease through hatchery effluent or from
aquaculture operations (especially salmon net-pen opera-
tions) is always a possibility, no matter how “clean” a hatch-
ery operation seems to be.

Juvenile Predation

. Hatchery juveniles released into streams may cause preda-

tion mortality of wild fish to increase directly or indirectly.

Juvenile salmon and steelhead released from hatcheries are

typically larger that their wild counterparts and may there-
fore prey directly on wild fish in streams. For example,
Sholes and Hallock (1979) monitored the release of 532,000
yearling chinook salmon in the Feather River and estimated
that they consumed perhaps 7.5 million smaller wild fish.
More indirectly, the presence of large numbers of hatchery
juveniles in a stream or estuary may also help to sustain
large populations of other predators (such as striped bass,
rainbow trout, or pikeminow), resulting in increased pre-
dation on wild juveniles. This effect may be particularly im-
portant for salmonids that spend a year or more in fresh wa-
ter before going to sea. It is worth noting that juveniles of
hatchery origin are generally more vulnerable to predation
in the wild than their wild counterparts, so successful hatch-
ery operations depend on releases either of huge numbers
of small juveniles or of juveniles of large size in order to
sustain fisheries. Recent studies in British Columbia, for
example, have indicated that mortality rates of wild juvenile
salmonids greatly increased once large numbers of hatchery
smolts were released; the principal cause of the increased
mortality was the large numbers of small sharks attracted to
the estuary by concentrations of naive hatchery fish,

Juvenile Competition

Juvenile hatchery salmon and steelhead released into a
stream may compete with wild fish for food and space and

disrupt social hierarchies in wild fish. The closer a stream or
estuarine rearing area is to carrying capacity, the more likely
hatchery fish are to have a negative effect. They may displace
wild fish to areas where they are more vulnerable to preda-
tion or force them to emigrate at smaller sizes than they
would normally.

Life History Effects

Hatcheries often select for particular phenotypes (e.g.,
early spawning) or have practices (e.g., timing of release of
juveniles) that change the life history traits of local wild
populations as the result of interactions between wild and
hatchery fish, In New Zealand, there is evidence that re-
peated releases of large ‘numbers of hatchery chinook
salmon (of California origin!) into a stream caused wild
populations to shift from a stream-type life history strategy
to an ocean-type life history strategy, with potentially lower
survival. Essentially, the flood of hatchery fish into the
stream, and the resultant low survival of fish that stayed in
the stream and had to compete with them, selected for ju-
veniles of wild fish that went out to sea at a younger age.

Populations with a strong hatchery influence may also
produce more small jack males than those without such
influence, although the reason for this may be related more
to heavy size-selective fishing on hatchery stocks than to
any other factor, Given that being a jack male is an evolu-
tionarily viable alternative life history strategy in salmon,
and that jack males are usually not spawned in hatcheries,
selection should be in the opposite direction. A related
problem is that wild populations of salmon often contain
runs or subpopulations with different life history strate-
gies. Hatcheries typically focus on the run with the life his-
tory strategy that is easiest to rear in a hatchery. In Califor-
nia, hatcheries have long focused on fall-run chinook
salmon because of their comparative ease of culture—
perhaps at the expense of other runs. For example, the
Feather River Hatchery has supposedly been rearing both
spring- and fall-run chinook, but hatchery practices have
pretty much allowed the two runs to merge, to the point
that they are no longer truly distinguishable in the Feather
River (Yoshiyama et al. 1998).

Oceanic Effects

Ocean conditions seem to affect the growth and survival of
hatchery and wild fish in similar ways, although survival at
any given size or age is usually lower in hatchery fish. How-
evet, it is possible that, during times of low ocean produc-
tivity, competition for limited resources by large numbers
of hatchery fish may further reduce growth and survival of
wild populations, especially those whose levels are already
depressed (e.g., endangered stocks).
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Harvest Effects

Salmon of hatchery origin can sustain much higher harvest
rates than those of wild origin, so high harvest rates in
mixed-stock fisheries can result in further depression of de-
pleted natural stocks. The presence of large numbers of
hatchery fish can create a demand for a fishery in order to
avoid the “waste” of fish of hatchery origin, making it diffi-
cult to manage mixed-stock fisheries to sustain wild popu-
lations of salmon and steelhead. This may be what is hap-
pening in rivers of the Central Valley today, now that har-
vest restrictions, intended to protect endangered stocks, are
returning large numbers of fall-run chinook of presumed
hatchery origin to rivers and streams. Small streams that
have not seen salmon for decades have suddenly produced
spawners, and this seems to be a positive development.
However, the potential exists for hatchery fish to overwhelm
remaining wild stocks in the rivers, This is regarded as a ma-
jor problem in Norway, where Atlantic salmon escaping
from aquaculture operations are entering spawning streams
in large numbers to compete with native strains for spawn-
ing sites.

Other Management Effects

Because of their availability in large numbers, fry and smolts
from hatcheries are often used as the principal experimen-
tal animals to assess emigration and survival rates in re-
sponse to regulated flows or other manipulations of regu-
lated streams. Management recommendations based on
these studies may not be suitable for wild fish and may
thereby cause further declines. This outcome is currently a
major subject of discussion in the management of outflows
in San Joaquin River tributaries and for Delta outflows on
the San Joaquin side, where all studies of smolt survival have
been carried out with hatchery fish. An additional compli-
cation is that many of the fish used have come from a hatch-
ery (Nimbus) on the Sacramento side, and some of these fish
have later returned to spawn in the San Joaquin tributaries.
This situation further complicates efforts to save native San
Joaquin strains of chinook salmon (if any still exist).

Changes in Public Attitudes

The presence of hatcheries can be a deterrent to restoration
of self-sustaining populations of salmon and steelhead be-
cause voters often view hatcheries as permanent solutions
for saving them (Black 1995). Their presence has reduced
the likelihood that expensive alternative solutions, such as
habitat restoration and the removal of dams, will be insti-
tuted. This is still a problem (although less so than was for-
merly the case). Thus there is a major ongoing program to
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artificially rear striped bass to plant in the Delta, fueled by
the frustration of anglers over the slowness of ecosystem
recovery efforts—even though there is little evidence that
the program will actually do any good. In contrast, with
salmon and steelhead restoration there is a growing appre-
ciation of the need for watershed conservation as a long-
term solution.

Benefits of Hatcheries

Although this discussion has focused on negative aspects of
hatcheries, they do have their benefits, if used wisely. Hatch-
eries that rear domesticated trout to plant in roadside
streams, Teservoirs, and urban ponds provide angling op-
portunities that might otherwise be lacking, and they do
little damage to wild populations of trout. Such fish, in fact,
are designed to be caught by virtue of their genetic back-
ground and methods of rearing. Small-scale streamside
hatcheries can be a useful tool for rehabilitating runs of
anadromous fish depleted by habitat destruction, provided
habitat restoration is taking place at the same time. Such
hatcheries can become local institutions, increasing awate-
ness of problems and involving local people in conservation
efforts (House 1999). The assumption, of course, is that
streamside hatcheries will be abandoned once runs are
again healthy, Even large salmon and steelhead hatcheries
may still have their place for maintaining fisheries, provided
all fish released are marked and means are developed to har-
vest selectively those of hatchery origin. An undeniable be-
nefit of such hatcheries is public education. The large runs
of fall-run chinook salmon generated by the Nimbus hatch-
ery in the lower American River, for example, create a pub-
lic spectacle in an urban area, both in the river and at the
hatchery. Such events can be used to create public interest
in salmon conservation in general.

Exploitation

Overexploitation of a species always has the potential to
drive its populations to very low levels, perhaps even to ex-
tinction, especially if other factors are also causing them to
decline. One of the most dramatic examples of this ten-
dency in California was the fishery for white sturgeon in the
late 19th century, which caused a severe depletion of the
population. The fishery was shut down in 1916 and not re-
opened until 1954. The sturgeon was exceptionally vulner-
able to overfishing because of its large size, longevity, and
late age of maturity. In recent years, fisheries have probably
contributed to the continuing decline of both striped bass
and chinook salmon. In the case of striped bass, removal of
large females from the population by fishing has reduced

the number of eggs produced, during a time when survival
of eggs and larvae is low because of diversions and the pres-
ence of pollutants. A similar situation has existed for chi-
nook and coho salmon taken by commercial and sport fish-
eries off the California coast. The fishery maintained a high
rate of exploitation of wild salmon populations already
stressed by water diversions and degradation of their
spawning streams. A major problem has been that larger
and older fish are captured in fisheries, so runs consisted
mainly of three-year-old fish. If spawning should fail, ow-
ing to natural or unnatural conditions, there would be few
fish left to return in following years as four- or five-year-
olds, which are needed to keep the run viable. Reductions in
the salmon fishery in recent years have resulted in a positive
response in some populations, especially in chinook
salmon, but the lack of recovery of coho salmon demon-
strates the importance of other factors in their decline.
Sport fishing and (to a lesser extent) commercial fishing
can also be major factors shaping freshwater fish commu-
nities. Fishing is highly selective for both species and size of
fish. Sport fishing is aimed primarily at large carnivores,
whereas freshwater commercial fishing is aimed at large
fishes not reserved for sport fishing, such as common carp
-and Sacramento blackfish. If sport fishing removes a large
percentage of fish at the top of a food chain, the population
structure of the species making up the lower links is bound
to change. In simple systems, such as farm ponds contain-
ing only largemouth bass and bluegill, excessive harvesting
of top carnivores (bass) may irreversibly change the system,
unless fishing imbalances are continuously corrected. Thus
the harvesting of large-size largemouth bass from a pond
may cause a population explosion among their prey
(bluegill). The bluegill in turn may greatly reduce the insect
and zooplankton populations needed to support young
bass, resulting in fewer bass than before and large numbers
of stunted bluegill.

Conclusions

The fish fauna of California is changing rapidly. Streams,
lakes, and estuaries that once supported a unique and valu-
able collection of native fishes are being replaced by canals,
ditches, reservoirs, and polluted lagoons that support
mainly hardy exotic fishes—often with flesh so laced with
toxic residues they are unfit to eat. Rich and self-sustaining

fisheries have been sacrificed in favor of wasteful irrigation
practices, urban sprawl, and logging, grazing, and mining
practices that degrade the environment rather than sustain
it. Fish and fisheries are even sacrificed to recreation, be-
cause streams are diverted to water golf courses in the
desert, casinos and hotels are built alongside delicate alpine
lakes and streams, and hillsides wash into streams after be-
ing scarred by road building and off-road vehicles.

For years the extravagant use of California’s limited wa-
ter at the expense of its natural fish populations was justi-
fied using a number of rationalizations:

.

The native fishes were mostly trash fish, either of no

use to humans or, worse, competitors or predators of
useful fish.

Fishing in human-made habitats such as reservoirs
was more productive than fishing in natural streams
and lakes.

Fish hatcheries could sustain fisheries for salmon,
trout, striped bass, or any other species deemed im-
portant enough to rear.

* Modern' technology and human ingenuity could fix
any problem and even improve upon nature: fish could
be screened from diversions, brought over dams with
fish ladders, encouraged with artificial reefs of old car
bodies and tires, or even genetically engineered to sur-
vive water of poor quality.

Unfortunately these rationalizations have not held up
well. The promise that fish and fisheries would be main-
tained in the face of continued water development has not
been kept. The problems are exacerbated during long peri-
ods of drought, when fish populations are naturally stressed
and human competition for limited supplies of water is
most intense. Even though water supplies to cities and farms
may be drastically cut back, streams and rivers still suffer the
most. Fish populations decline and often do not recover
well, even when wet years return. The results of such a
short-sighted water policy can been seen in the plummet-
ing sales of sport-fishing licenses, the closure of sport and
commercial fisheries for salmon and steelhead, the in-
creased number of endangered species, and the rapid rate at
which the native fish fauna is being depleted by extinctions.

The following chapter describes how the native fish
fauna, and the fisheries it supports, can be restored.
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As the human population of California grows, native fish
populations decline, reflecting a general deterioration of
aquatic habitats. But this downward trend does not have to
continue. In fact, it is reasonable to assume that a Califor-
nia supporting healthy populations of native fishes will be
a much healthier state for humans as well-—with water safe
for drinking and swimming, and fish that are safe to observe
and eat.

Because the state’s native fishes are most abundant and
diverse in relatively healthy environments (Moyle et al.
1998), they can serve as surrogates for most (but by no
means all) native aquatic biota in conservation actions. The
use of fish as a focus for aquatic conservation is necessary
because of the sheer size of California and the enormous di-
versity of its aquatic environments. Fish also tend to rouse
greater public sympathy for conservation actions than do
plants, insects, or even amphibians. At present, however,
they are not doing very well: more than 70 percent of the
native fishes have less than 10 percent of their habitat in wa-
ters under some kind of formal protection (Moyle and
Williams 1990). For most fishes, “less than 10 percent”
means “none.” The native fish fauna is in decline because
hundreds of local actions, large and small, have degraded
unprotected habitat. These actions are so pervasive that
change is taking place very rapidly. Consequently, protec-
tion of aquatic diversity statewide requires hundreds of lo-
calized conservation actions, which will be most effective if
they are carried out within the context of a statewide strat-
egy. Otherwise there are likely to be, for example, hundreds
of kilometers of trout streams protected but very few kilo-
meters of streams for California roach.

This chapter presents a conservation strategy by dis-
cussing (1) why it is important to protect native fishes, (2)
how to prevent future problems, and (3) how to protect na-
tive fishes statewide.
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A Conservation Strategy

Why Protect Native Fishes?

Of all California’s native fishes, only 11 species, mostly
salmonids, contribute to important fisheries today. Another
12 once harvested are now in such low numbers that they
no longer have much economic value. Most of the rest are
known mainly to ichthyologists and sometimes to fisheries
managers (usually as pests, forage, or endangered species).
If most of California’s native fishes—but especially the rarer
species—became extinct tomorrow, no fisheries or eco-
systems would collapse due to their absence. So why bother
to protect them? Many arguments have been developed at
length (e.g., Norton 1987; Moyle and Moyle 1995), but
some of the more salient reasons fall into five overlapping
categories: (1) economics, (2) ecosystem protection, (3 ) ge-
netic diversity, (4) aesthetics, and (5) morality.

Economics

The perception that most native fishes are valueless is nar-
rowly European-American, the product of a culture that
seems to regard only boneless fillets of large fish as fit to eat.
Native Americans ate most local fishes and especially fa-
vored the large cyprinids and suckers (Schulz and Simons
1973; Lindstrom 1996). Asian immigrants found these same
fishes similar to species they were accustomed to eating in
Asia and thus have a long tradition of harvesting native
fishes. Commercial fisheries for Sacramento blackfish har-
vest thousands of poundé each year for Asian-American
markets. In short, the value of many fishes is simply not ap-
preciated, although this view is likely to change in the future
given the increased popularity of fish as food for all seg-
ments of society. Indeed this is a good reflection of the
concept of safe minimum standard, which translates in this
situation to the idea that we should not let any species go

extinct because we cannot predict their economic value in
the future.

One reason to expect “worthless” fishes to increase in
value is that most conventional sport and commercial fishes
are in decline. This is particularly true of anadromous
fishes—even fall-run chinook salmon, steelhead, and white
sturgeon, which are mainstays of fisheries. Runs of these
three fishes, increasingly supported by hatchery produc-
tion, are remnants of what was once an astonishingly di-
verse fishery for anadromous fishes: four species of salmon,
two species of sea-run trout, three species of smelt, and two
species of sturgeon. There were separate fisheries for dis-
tinct runs of these species as well, such as the four runs of
chinook salmon in the Sacramento and San Joaquin Rivers,
or summer and winter steelhead in the Eel River. Fach

species and each run used riverine resources in a different

way, greatly increasing total production of fish, In the 1800s
and eatly 1900s, before anyone was aware of the complexity
of California’s anadromous fish populations, almost con-
tinuous fisheries existed for “salmon,” “sturgeon,” and
“smelt.” If one run or species had low returns as a result of
natural disaster, other runs or species would not, and fish-
eries were thus able to remain economically viable,

Today most of these options are gone. Not only is total
yield a fraction of what it was, but dependence on a few runs
of fish means that fisheries are much more likely to suffer
irregular fluctuations between “boom” and “bust” years. In
short, restoring and maintaining a diversity of species and
runs results in more fish and more stable fisheries.

Another important economic argument is the long-term
value of fisheries. In California, fisheries have consistently
been sacrificed for mining, logging, grazing, and farming.
In the short term, trading off fisheries for these other in-
dustries might seem worthwhile, because their annual re-
turns in dollars are enormous compared with the annual
values of fisheries. Yet mines are depleted, often becoming
toxic waste sites; many logged areas regenerate slowly or not
at all; and overgrazed hillsides become gullied. Even irri-
gated agriculture eventually declines as soils become saline;
salinization in many areas is inevitable, whether it takes 5,
50, or 500 years. In contrast, fisheries can go on indefinitely,
climate permitting. Anadromous fish keep coming back,
year after year, bringing the productivity of the ocean to
streams and to human society. In fact, fisheries and other in-
dustries that depend on wildlands and water are not neces-
sarily mutually exclusive. But other industries must give
more consideration to how their operations affect fisheries
now and in the future.

Finally, it is worth noting the value of many small
species, such as the three smelt species (Delta smelt, longfin
smelt, and eulachon). All three were harvested by commer-
cial fisheries in the 19th century, and similar species are still
highly valued as food around the world. The eulachon long

supported dipnet fisheries and was (and still is, to a limited
extent) an important traditional food for Native Americans.
A more immediate value of delta and longfin smelts, given
their comparatively low populations, is that their require-
ments are similar to those of other fishes of the San Fran-
cisco Estuary, such as striped bass, that have high economic
value. Thus protecting smelt may also protect the fisheries
for striped bass, shad, and other species, because all require
a functioning estuary. In short, protecting obscure fishes
can help keep ecosystems functioning—even disturbed
ones. This and other more general economic arguments
are discussed in Moyle and Moyle (1995) and Moyle and
Cech (1999). ‘

Ecosystem Protection

Fishes are the most noticeable components of aquatic
ecosystems, and their declines reflect ecosystem deteriora-
tion. Protection and restoration of ecosystems are desirable
because of the myriad benefits provided by intact aquatic
ecosystems, such as clean water, flood control, recreation,
fisheries, and spiritual renewal. Thus protecting smelt and
splittail can help protect and restore estuarine ecosystems.
Protecting southern races of steelhead and Santa Ana suck-
ers provides incentive to restore some of the most degraded
streams in California. Protecting coho salmon provides ad-
ditional protection for old-growth coastal forests. Protect-
ing summer steelhead and spring chinook salmon necessi-
tates protection for the remote canyons in which they spend
the summer, as well as for long stretches of stream between
the canyons and the ocean. Protecting tidewater gobies pro-
tects coastal lagoons. Protection of coastal cutthroat trout
provides additional protection for the unique Smith River,
as well as other North Coast streams and coastal lagoons.

In short, the health of these species is closely tied to the
health of some of the most important aquatic ecosystems in
California. Protecting species can therefore provide moti-
vation and symbolism for broad environmental conserva-
tion, desirable for the sake of many other species, including
humans.

Genetic Diversity

Conservation biologists are increasingly recognizing that
protecting genetic diversity within species is important for
conserving them. Genetic diversity is needed to enable
species to adapt to environmental change, and the adap-
tiveness represented by genetic diversity can be of immense
value to humans. This relationship is especially easy to see
in anadromous fishes, which all have their southernmost
populations in California. Their populations have adapted
to the often harsh conditions that naturally exist here: warm
water, fluctuating flows, extended droughts, extreme sea-
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sonality of suitable habitats. Such hardy fish were created
through thousands of years of evolution, and their genetic
heritage cannot be recreated or even maintained in hatch-
eries. They are valuable not only because they can survive in
the increasingly stressed habitats of California but also be-
cause they may be needed to help maintain fisheries in more
northern areas.

Global warming is occurring so rapidly that most species
will not be able to adapt through local genetic changes;
they will need genes from populations already adapted to
warmer conditions. California fishes are clearly a reservoir
of such valuable genetic information; losing populations of
these species is thus like throwing out a valuable insurance
policy for fisheries in Oregon and Washington as well as
California. Wild stocks are also valuable for the growing
aquaculture industry, because they contain the genetic in-
formation needed to develop strains of fish with disease re-
sistance and other characteristics.

Aesthetics

Among the best reasons for saving species are aesthetic
ones. We want them to be around so that we and our de-
scendants can glimpse them in natural settings. Our culture
has a particularly strong appreciation for salmon, dating
back at least 10,000 years to the time when the first images
of salmon appeared on the walls of European caves. Chinese
culture has a similar appreciation of carp. The strength and
beauty of these fish and their struggle upstream to spawn,
in the face of waterfalls, predators, and fishermen, have long
been a source of inspiration. A stream packed with spawn-
ing salmon is awe inspiring; an encounter with wild salmon
or steelhead in a forest stream or remote canyon pool can
be an unforgettable experience. Even quiet encounters with
species like hardhead and tule perch in a clear, warm, rock-
bound pool can be fascinating. Hardhead and tule perch
have an additional aesthetic consideration: they are species
that occur only in California—part of a unique fauna that
helps define why California is such a special place for hu-
mans to live. To understand and appreciate endemic fishes
is to understand the dynamic and severe nature of Califor-
nia’s environment and to appreciate the evolutionary forces
that created its present-day fauna. Such understanding can
help us to live with the environment rather than constantly
trying to control it.

Morality

For centuries the dominant ethic of our society toward wild
creatures was, for the most part, if it does not have value to
humankind, it can be ignored or destroyed. There is a grow-
ing movement to change that basic ethic,a movement rooted
in religions of both the East and the West. Books have been
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written on the subject (e.g., Ehrenfeld 1981; Norton 1987;
G. Snyder 1990), but the often beautiful and complex argu-
ments boil down to deep-seated feelings that it is simply
wrong to eliminate species and ecosystems from this earth
when we have the knowledge and power to prevent their loss.

Prevention

One of the first steps in any conservation strategy is to pre-
vent the development of new problems that are likely to
confound other efforts. In general, prevention is best ac-
complished by applying the precautionary principle to new
initiatives: do not undertake new actions or policies unless
it has been proven they will do no permanent, irreversible
harm to aquatic environments. This approach also applies
to “new” actions under old policies, such as constructing
homes in floodplains. Obviously—given the state’s massive
urbanization, high demand for stored water, and intense use
of agricultural, forest, and range lands—the precautionary
approach is difficult to adopt. Yet some actions lend them-
selves to immediate application of this principle better than
others. Such immediate actions could include halting inva-
sions, reducing the use of pesticides and other pollutants,
adopting sensiblé land use practices, and improving water
distribution and allocation practices.

Halting Invasions

Aquatic ecosystems in California are continually disrupted
by invasions of alien species. Expensive habitat restoration
efforts can be negated by an invasion, and the costs of re-
covering endangered species are greatly increased when
alien species suppress their populations. Some steps that
should be taken to halt new invasions include the following:

« Prevent the discharge from ships of ballast water that
contains estuarine or freshwater organisms. At the
same time make the shipping industry and port au-
thorities responsible for damage caused by new ballast
water invaders. A major step in this direction was a state
law passed in 1999: AB 703, the Ballast Water Manage-
ment for Control of Nonindigenous Species Act.

» Ban the use of live fish as bait in the inland waters of
California, especially commercially raised minnows.

Limit the planting of trout in alpine lakes to reservoirs
and lakes within easy walking distance of roads; erad-
icate fish from selected high-elevation watersheds to
permit recovery of amphibians and invertebrates.

Educate anglers about the dangers and costs of mov-
ing fish around; strongly enforce existing laws against
unauthorized movement of fishes.

Set up an interagency Alien Species Response Team
with funding and authority to quickly take appropri-
ate action to halt new invasions while they are still con-
trollable.

Require the aquaculture, aquarium, and horticultural
industries to take responsibility for the potentially in-
vasive species they sell by, as appropriate, banning
some species, labeling others, making contributions to
invasive species control and prevention programs, and
providing facilities where people can return unwanted
fishes and invertebrates.

Reducing the Use of Pesticides and Other Pollutants

In some respects, the waters of California are cleaner than
they were 30 years ago, thanks to the federal Clean Water
Acts of 1960, 1965, and 1972 and related state acts. These
acts resulted in dramatic reduction of point-source pollu-
tion, especially industrial waste and sewage. Unfortu-
nately, heavy metals, pesticides, and other toxic contami-
nants continue to pour into our waters, mainly from such
nonpoint sources as farms, mines, construction sites, log-

~ ging areas, and urban and suburban drains. The myriad

ways to prevent further toxic effects and to reduce the
amount and variety of contaminants are covered in many
other documents (e.g., Kegley et al. 1999), and it is clearly
in our best interests to do so. Healthy fish indicate healthy
waters.

Adopting Sensible Land Use Practices

Any human activity on land has the potential to affect
water in the streams and lakes into which the land drains.
Many of our practices—such as channelization, construc-
tion of levees, development on floodplains, destabiliza-
tion of hillsides through vegetation removal, and ditching
and draining of marshlands—cause direct and dramatic
changes in the way streams and rivers work, usually to our
long-term detriment (Mount 1995). There is a growing re-
alization that “business as usual” in use of the land cannot
continue, especially if we value fish, riparian areas, and wet-
lands. The best signs of this awareness are the citizen-based
watershed groups that have sprung up around the state,
even for such seeminglylost causes as the Los Angeles River.
Such groups need to be nourished, especially with funding,
so they can work to improve land use practices. On a big-
ger scale, the multiagency CALFED organization recog-
nizes that restoration of the San Francisco estuarine eco-
system will require changing land use practices throughout
the Central Valley, the Sierras, and the San Francisco Bay re-
gion, in part by preventing uses that have been permitted
in the past.

Improving Water Distribution and Allocation Practices

Prevention of the wasteful use of water, particularly on
agricultural lands, must be an important part of any strat-
egy to protect aquatic ecosystems. Unfortunately Califor-
nia water law, combined with heavy state and federal sub-
sidies of developed water, encourages its extravagant use,
for example to flood-irrigate alfalfa during times of drought.
Landowners with riparian water rights are allowed to use as
much water as they need on their land but are not allowed
to sell it, so they have little incentive to conserve. Water from
federal and state water projects is typically é,o}d to farms and
cities at prices far below the actual costs of storage and de-
livery (including the costs of dams and other infrastruc-
ture). Prevention of water waste will be most effective if there
are financial incentives not to waste it, requiring major
changes in the way water is valued and allocated. Various pro-
posals exist for reform of water law and water allocation (e.g.,
water marketing), but none islikely to be instituted until Cal-
ifornia faces another drought-induced crisis. An additional
motivation for reform has been recent mandates requiring
federal projects to provide large amounts of water for envi-
ronmental purposes, beyond minimum downstream flow
schedules, such as the 800,000 acre-ft/year required from the
federal Central Valley Project for fish and wildlife. How this
water should be used is still a matter of controversy, but at
least its allocation sets a precedent in acknowledging that
prevention of further declines and extinctions of native
fishes depends on having sufficient water in the system.

Protection

Although stopping or reducing environmentally destruc-
tive practices is important, such action must be combined
with active protection of species, faunas, habitats, water-
sheds, and regions. The proposal put forth in this section
(Moyle and Yoshiyama 1994; Moyle 1995) covers five tiers
of protection, each offering progressively more protection,
but also being more difficult to implement, than the pre-
ceding one. The tiers are not mutually exclusive; they are in-
teractive and complementary.

Tier 1: Endangered species. Protect under state and/or
federal endangered species acts (ESAs) or other legislation
all aquatic taxa likely to be extirpated from California
within the next 20-30 years. This includes those native
fishes classified as status IB in this book (Table 1).

Tier 2: Species clusters or assemblages. Provide special
management for clusters of declining species (including
reptiles, amphibians, and invertebrates) that inhabit the
same aquatic habitats or watersheds. The cluster could also
be a natural assemblage of organisms in which the assem-
blage is disappearing even if the component species are still
fairly common (Moyle et al. 1998).
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Tier 3: Habitats. Development and implementation of a
system of protected aquatic habitats, called Significant Nat-
ural Areas (SNAs), that provides systematic, statewide pro-
tection of aquatic biodiversity. Examples of all habitats
listed in Moyle and Ellison (1991) should be included.

Tier 4: Watersheds. Develop a statewide system of pro-
tected watersheds, called Aquatic Diversity Management
Areas (ADMA), to enhance biodiversity through protection
of natural processes in complete ecological units. Eventually
all watersheds in the state should be managed in ways that
include some element of protection for aquatic life.

Tier 5. Bioregions. Develop and implement manage-
ment schemes for multiple watersheds in a region with uni-
fying biological features (bioregion). This approach would
involve managing entire landscapes or ecosystems for nat-
ural values, recognizing humans as part of the landscape.

Although this strategy has been developed specifically for
California, it is applicable to other regions as well, especially
in the western United States. The number of tiers could be
increased to encompass state, country, continent, and planet,
but higher tiers are beyond the scope of this book.

Tier 1: Endangered Species Protection

The federal ESA is one of the strongest environmental laws
ever written (Orians 1993). The California state law is
weaker but still provides considerable protection for listed
species. The power of the two ESAs is being tested continu-
ously in conflicts over water diversion and land use, but res-
olution of the conflicts has usually resulted in improved
habitats for fishes. Examples include the following:

+ Thelisting of delta smelt as threatened in both the state
and federal ESAs has been a major factor in motivat-
ing disparate interest groups to join together to find
ways to restore habitats and natural hydraulics to the
San Francisco Estuary. The smelt is endemic to the es-
tuary, from which large quantities of water are diverted
southward for agricultural and urban users (Moyle et
al. 1992).

The listing of tidewater goby provides significant pro-
tection for coastal lagoons up and down the state and
may ultimately provide some protection for water-
sheds that drain into the lagoons.

The listing of coho salmon has focused attention on
the poor condition of hundreds of coastal watersheds
and has been a key factor in the settling (more or less
in favor of fish) of a number of disputes over logging
and land use practices.

The listing of various species and subspecies of pup-
fish has been a key factor in protecting desert spring
and stream ecosysterns in California and Nevada.
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The federal ESA is a powerful tool for conservation of
aquatic species. Yet relying on it has several disadvantages:

» The act comes into play only when a species is on the
verge of extinction and recovery is likely to be expen-
sive and controversial.

The uncompromising nature of many of the act’s pro-
visions almost automatically leads to confrontation
over methods of implementation.

Measures taken to protect listed species have prece-
dence over measures to protect unlisted species, even
though the unlisted species may be in trouble as well.

Measures to save listed species are likely to focus on
“quick fixes” and technological solutions, such as
transplants and captive rearing, rather than on eco-
system protection measures.

Recovery of a species under the ESA means only that
it has achieved a population size such that it can rea-
sonably be expected not to go extinct; it does not mean
that it has self-sustaining populations that are ecolog-
ically significant.

The number of species qualifying for listing in places
such as California generally exceeds the capacity of
state and federal agencies to handle the complex list-
ing process for all species, especially if the number is
constantly increasing (as it is).

Systematic protection of biodiversity beyond what the
ESAs can provide is clearly needed.

Tier 2: Management of Species Clusters or Assemblages

One response to criticisms of the ESAs is to intensively
manage groups of declining species that seem to have
broadly similar ecological requirements and that co-occur
in limited geographic areas. If a number of species are pro-

tected simultaneously, the ecosystem of which they are part.

will also be protected, along with poorly known or less
charismatic organisms that also live there. Three basic
strategies use the cluster approach to protect threatened
ecosystems: (1) have multiple species in the cluster listed
under the ESA, (2) develop a management plan to prevent
listing, and (3) protect the cluster as a threatened commu-
nity or assemblage of organisms.

Clusters with Listed Species Moyle et al. (1995) recom-
mended 15 clusters of California fishes for joint manage-
ment. Each of these clusters contains species that usually
co-occur on a regular basis; they include not only species
recommended for listing, but also species already listed as
threatened or endangered, declining species recommended

for “special concern” status, and species not yet in serious
trouble but indicative of special habitat conditions. Al-
though their recommendations dealt only with fishes, they
also recommended that the clusters be expanded to include
other aquatic vertebrates (especially amphibians) and in-
vertebrates. These are situations in which Habitat Conser-
vation Plans, a special tool for dealing with the management
of endangered species on private land under the ESA, might
be especially appropriate.

Unfortunately, even with the best of intentions, man-
dated protection of listed species can result in measures that
may harm unlisted species. For example, managing the
flows of the Sacramento River for endangered winter-run
chinook salmon may reduce the amount of water needed to
support the other three runs of chinook salmon in the river
(all of which are in decline), as well as other native fishes
(Moyle et al. 1995). USFWS recognized this dilemma, and,
following the 1993 listing of delta smelt as a threatened
species, it appointed a Delta Native Fishes Recovery Team
(rather than a delta smelt recovery team). The charge to the
team was to “address the Delta ecosystem as a whole, con-
sidering the declines of other native fishes in addition to
delta smelt, . . . [which] may require active management to

.restore sustainable populations” (M. L. Plenert, USEWS,

letter to P. B. Moyle, 31 March 1993). A cluster plan was de-
veloped that included delta smelt, longfin smelt, Sacra-
mento splittail, green sturgeon, Sacramento perch, spring-
run chinook salmon, San Joaquin fall-run chinook salmon,
and late fall-run chinook salmon (USFWS 1996). Even in
this situation, however, actions to protect listed species
legally have precedence over actions to protect nonlisted
species. Thus one justification for listing additional species,
such as Sacramento splittail (listed in 1999), is that such list-
ings provide a stronger legal foundation for a multispecies
or ecosystem approach to management of the estuary (NHI
1992; Fiedler et al. 1993),

Occasionally clusters of species may be treated together
when fishes in the cluster are all threatened by one major
factor, even if the species are not all parts of the same eco-
system. For example, the formal listing of all species of fish
and endemic invertebrates in the springs and streams of the
Amargosa River region (California and Nevada) is recom-
mended by Moyle and Yoshiyama (1992) because most de-
pend on the outflows of springs fed by deep and ancient
aquifers. The water in these aquifers is now being mined by
local agriculture and is proposed to be mined on a massive
scale by the city of Las Vegas (McPhee 1993). Such mining
may dry up many, or all, of the spring sources (Moyle et al.
1995).

Clusters of Declining Species Ideally clusters of declining
species should be managed together, before any become
listed under the ESA. However, the threat of listing clusters

of species may be needed to provide motivation to under-
take necessary ecosystem recovery efforts. An example of a
cooperative arrangement to protect a species cluster is the
ongoing restoration of the fishes of Goose Lake, a large al-
kaline lake that straddles the California-Oregon border.
The lake and its tributaries contain four endemic fishes (see
the Distribution Patterns chapter). In 1992, after a pro-
longed drought, Goose Lake dried up. As the lake desic-
cated, USFWS staff began a status review of the four species,
preparatory to recommending their emergency listing as
endangered, based on species accounts in Moyle and
Yoshiyama (1992) and observations of local biologists (N.
Kanim, USFWS, pers. comm. 1993). However, the listing
was held in abeyance while the Goose Lake Fishes Working
Group (an informal association of regional agency biolo-
gists) worked with local landowners, interest groups, univer-
sity biologists, and representatives of land management agen-
cies to see if alternatives to listing could be found. The coop-
eration of landowners was essential for protection of the
fishes, because most possible refuges were on private land or
on public land leased for grazing. The efforts of the working
group were successful in demonstrating that (1) there was
general willingness to cooperate with recovery efforts, (2)
there were more refuges for the fishes than had been previ-
ously supposed, and (3) funding was available for stream
restoration and other recovery programs (G. M. Sato, BLM,
pers. comm. 1993). When the drought ended and the lake
refilled, the four Goose Lake fishes quickly recovered, demon-
strating that formal listing of them may not be necessary.

Threatened Assemblages Assemblages of species, such as
those discussed in the Ecology chapter, represent natural
biotic units on which protection efforts can focus. As pop-
ulations of species and habitats become increasingly frag-
mented, not only do species become threatened with ex-
tinction but the natural assemblages of fishes (and other
organisms), with all their interactions, become threatened
as well. Thus in Putah Creek, Yolo and Solano Counties,
there exists a compressed transitional (foothill-mountain)
assemblage of fishes below Putah Diversion Dam, contain-
ing eight resident species and three anadromous species.
This rich assemblage has become increasingly rare in the
Central Valley. When flows below the dam were reduced
during a period of drought, extirpation of the assemblage
became likely. In deciding a court case brought in an effort
to increase flow to the stream, the judge ruled that the in-
tegrity of this assemblage, even though it contained no en-
dangered species, was protected under both Section 5937 of
the Fish and Game Code (fish must be maintained in “good
condition” below a dam) and the Public Trust Doctrine
(Moyle et al. 1998). In May 2000, all the parties involved in
the lawsuit signed an accord that provided for increased
flows down the creek to protect the native fish assemblage.
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Tier 3: Habitats

Small areas of unusual or exceptionally pristine habitat have
long been protected by public agencies (e.g., the Research
Natural Areas of USFS) and private groups (e.g., the pre-
serves of The Nature Conservancy), although the focus of
such areas is usually a terrestrial (plant) feature. These are
traditional nature preserves. Many of these areas, protected
and unprotected, have been catalogued by CDFG as SNAs.
I have adopted the term to apply to small aquatic habitats
or habitat segments that merit special protection because of
their native fauna and flora. Aquatic SNAs are of two basic
types: (1) small, isolated, and fairly pristine waters and (2)
segments of streams, often below dams, that are dominated
by native fishes or that contain important native elements
not protected elsewhere. Examples of the first type include
spring systems, small intermittent tributary streams, vernal
pools, and small isolated lakes. Because of their size, hence
vulnerability, these SNAs need special and nearly complete
protection, often including fencing. Protection is likely to
include fairly intensive management to keep out invasive
species and livestock or to restore populations extirpated
through natural processes. The latter approach may be nec-
essary if the SNA is isolated from similar areas that normally
would have been a source for natural recolonization. The
size of these SNAs, however, also makes them relatively easy
to protect. Some examples of potential SNAs of the first type
include the following:

+ Indian Creek, is a small tributary to a northern Cali-
fornia stream. Because of its location it has been rela-
tively inaccessible to livestock that roam the area, and
as a consequence it has maintained a lush riparian
community. The stream itself contains abundant na-
tive fishes (mainly California roach and rainbow
trout) as well as large numbers of the increasingly rare
foothill yellow-legged frog (Rana boylei) and the Pacific
pond turtle (Clemmys marmorata).

Crystal Spring (Shasta County) is a large spring area
that overflows a lava dike into Hat Creek. The spring
area contains a diverse aquatic flora and fauna, in-
cluding endemic rough and marbled sculpins and
Shasta crayfish (Pascifastacus fortis). It is privately
owned, by a power company.

Stump Spring (El Dorado County) is a seasonal spring
that flows into the Cosumnes River. It contains no fish,
but it is one of the few localities known for an endemic
genus of stonefly (Cosumnoperla), which has larvae
that are subterranean for most of the year. It is located
in Stanislaus National Forest.

Six Bit Gulch (Tuolumne County) is the principal
reach of the Horton Creek drainage, which contains
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Red Hills roach, a peculiar but undescribed sub-
species (or species) of roach. Although on BLM land,
the area is unprotected and is used for off-road
vehicle recreation. Horton Creek flows into New Don
Pedro Reservoir.

The second type of SNA typically has highly disturbed
aquatic habitats above and below it, but circumstances
(usually fortuitous and artificially maintained) make the
stream segment important for native aquatic organisms.
Some examples are the following:

+ The McCloud River between McCloud Dam and
Shasta Reservoir (Shasta County) is a large, cold river
that supports mostly native organisms, including rain-
bow trout, riffle sculpin, and many invertebrates and
amphibians. Even though some key components of the
system (chinook salmon, bull trout) are missing, the
natural elements remaining merit special protection;
much of the river is in a TNC preserve.

Putah Creek below Putah Diversion Dam (Yolo and
Solano Counties) depends on flow releases to maintain
its habitats, yet it manages to support a remarkably di-
verse native fish fauna, including tule perch and small
runs of chinook salmon, Pacific lamprey, and steel-
head.

Big Tujunga Creek below Big Tujunga Dam (Los An-
geles County) is the only place left in the Los Angeles
River watershed that supports native fishes, mainly
Santa Ana suckers'and arroyo chubs.

Lagunitas Creek (Marin County), despite having sev-
eral dams in the watershed, supports remnant runs of
coho salmon and steelhead, plus a rare native shrimp
(Syncarus pacificus) and a largely native fish fauna
(Moyle and Smith 1995).

SNAs are included as a tier in order to promote recogni-
tion of the fact that some aquatic systems or areas do need.
the intense protection and management normally associ-
ated with traditional nature preserves. Most SNAs are small
but can protect unusual fish or invertebrates and associated
communities of organisms that might otherwise be over-
looked or that are part of watersheds that are otherwise in
poor condition.

Tier 4: Watersheds

Protection of biodiversity has traditionally centered around
setting up preserves and refuges. Preserves are areas, usually
small (like SNAs), set aside to protect communities of na-
tive organisms in order to ensure the survival of species by
minimizing negative human impacts. Historically preserves

have been envisioned as museums that freeze present con-
ditions and exclude all human use except scientific study.
Conceptually, they are based on equilibrium models of
ecology that have been largely replaced by more dynamic
(stochastic) models (Fiedler et al. 1993). Refuges, in con-
trast, are areas intensively managed for select groups of
species, such as waterfowl, or areas set aside to protect eco-
nomically important or endangered species without too
much concern for maintaining native biotic communities
(Williams 1991). In practice, areas labeled “preserves” and
“refuges” run the gamut from highly artificial environments
to highly protected natural areas. The two terms are used
rather loosely, often meaning different things to different
agencies and people. Therefore I prefer the term Aquatic Di-
versity Management Area (ADMA) (Moyle and Yoshiyama
1992, 1994; Moyle 1995).

An ADMA is a watershed that has as its top management
priority the maintenance of aquatic biodiversity.! Other
uses are permitted, but they are secondary to, and must be
compatible with, the primary goal. The key to maintenance
of ADMAs is flexibility, recognizing that active manage-
ment is needed to maintain or enhance biodiversity and
that an ADMA is likely to change through time. ADMAs are

- not necessarily pristine environments, but they are usually

reasonable approximations of them.

The characteristics of ADMAs given here are derived
from the ongoing debate on how nature preserves should be
designed (Moyle and Sato 1991). Unfortunately, most debate
over preserve design has centered on terrestrial systems and
has paid little attention to the special problems of protecting
aquatic environments. Therefore, the six criteria listed here
are those used for design of preserves in general, although
they are discussed in the context of aquatic systems (Moyle
and Sato 1991). These ideas owe much to the concept of key
watersheds developed by Thomas et al. (1993) for streams of
the Pacific Northwest that produce anadromous fish.

1. An ADMA must contain resources and habitats nec-
essary for persistence of the species and communities it
is designed to protect, This criterion assumes that all life
history stages of all organisms (not just fish) are known—a
degree of knowledge that is simply not attainable, Design of
an ADMA therefore should be based on the largest and most
mobile species, on the assumption that their habitat needs
will also encompass those of less well-known species. This
means that ADMAs will largely be based on the needs of
fish, amphibians, and macroinvertebrates (including mi-
gratory species that are present for only part of their life cy-
cle), and on the needs of conspicuous riparian organisms
(trees, birds, mammals).

2. An ADMA must be large enough to contain the
range and variability of environmental conditions neces-
sary to maintain natural species diversity. An ADMA that
is too small will ultimately fail even if correct environmen-
tal conditions are present. The actual size of an ADMA will
depend on the biota being protected, but 50 km? seems like
a reasonable minimum size for most watersheds. There is
no maximum size. A riverine biota may require several
thousand square kilometers, encompassing much of a
drainage. ADMAs must have their water sources protected,
including aquifers and extreme headwaters.

3. ADMA integrity must be protected from edge and
external threats. Reducing edge and external threats is a
continual challenge to designers of natural areas, and it is
largely in order to reduce these threats that ADMAs should
encompass entire watersheds. Edge threats result from the
gradient of habitat quality between the ADMA and adjacent
areas. The less distinct the boundary, the more likely the
ADMA will suffer from habitat degradation (due to, e.g., ac-

- cess roads or the aerial spread of pesticides) and invasions

of unwanted species. Edge threats are likely to be particu-
larly severe in low-elevation ADMAs, where watershed
boundaries are not sharp or defined by steep, rocky ridges.

External threats do not recognize boundary lines and in-
clude such factors as pollutants, diseases, and introduced
species. They pose a particularly severe problem for ADMAs
because agents that affect the biota in any part of a drainage
may eventually be carried by the water throughout its en-
tirety (Moyle and Sato 1991). A particularly insidious ex-
ternal threat to aquatic systems is pumping of groundwater
from aquifers distant from the springs and streams that the
aquifers feed. Thus pumping of groundwater in Nevada
may eventually dry up springs essential for survival of pup-
fish and spring snails (Hydrobiidae) in California. Species
that are typically good invaders—such as green sunfish,
common carp, red shiners, and bullfrogs (Rana catesbeiana)
—have tremendous dispersal abilities, can work their way
over low barriers, and can survive in a wide variety of habi-
tats, even those in fairly good condition.

Edge and external threats will always be problems for
ADMA management, but they can be reduced by creating
large ADMAs, improving management of adjacent water-
sheds, and constructing barriers to prevent invasions of un-
wanted species. Ideally barriers should block entry of non-
native species but not of native migrants. For California
streams, the best barrier to invasion is often a natural flow
regime, because native species are generally well adapted to
living under fluctuating conditions (Baltz and Moyle 1993;
Moyle et al. 1998).

1. Inprevious publications I have included SNAs as ADMAs, with SNA-ADMAs having areas of less than 50 km? and watershed ADMAs hav-
ing areas of 50 km? or more. I have subsequently decided that is it less confusing to have ADMASs apply only to watersheds.
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4. An ADMA should have interior redundancy of habi-
tat to reduce effects of localized species extinctions due
to natural processes. This criterion to a degree reiterates
criterion 2, but the need for local redundancy cannot be
overemphasized. Aquatic species frequently occur as small
populations in narrow habitat types, where populations
come and go in relation to natural events and demographic
processes. Adequate local redundancy therefore will allow
recolonization to occur quickly and naturally. Thus the best
ADMAs are those large enough to include multiple exam-
ples of all habitat types covered in Moyle and Ellison (1991).

5. Each ADMA should be paired with at least one other
ADMA that contains most of the same species but is far
enough distant that both are unlikely to be affected by a
regional disaster. Large disasters—volcanic eruptions,
earthquakes, pesticide spills, forest fires—can fundamen-
tally alter the integrity of an ADMA. Therefore, sources of
species must exist for biotic reconstruction, if necessary. For
streams, this requirement means creating ADMAs in sepa-
rate drainages with similar characteristics and biotas. For
species inhabiting temporary ponds, this may mean pro-
tecting ponds at widely separated localities. Thus the Con-
servancy fairy shrimp (Branchinecta conservatio), endemic
to central California, is well protected because TNC has sev-
eral widely separated vernal pool preserves in Tehama,
Merced, and Solano Counties (Eng et al. 1990). Greater
replication of ADMA types increases chances for long-term
survival of native organisms. However, some ADMAs will
not be replicable if they contain highly localized endemics
(e.g., desert springs with pupfish subspecies, Goose Lake).

6. An ADMA should support populations of organisms
large enough to have a low probability of extinction be-
cause of random demographic and genetic events. Small
populations of organisms can become extinct as a result of
natural fluctuations. Small populations can also experience
“bottlenecks” that greatly reduce genetic variability and,
consequently, their ability to adapt to changing environ-
mental conditions. This is particularly a problem in setting
up small watershed ADMAs, where fish and invertebrate
populations may frequently be driven to low levels by ex-
treme high flow events or droughts. Under natural condi-
tions, populations from different watersheds eventually mix
again—something that is not possible in an isolated ADMA
unless enough of a drainage is included to permit natural
recolonization events (Zwick 1992). For some California
fishes, localized extinctions caused by artificial isolation are
already occurring (L. R. Brown et al. 1992).

The foregoing rules imply that California watersheds
vary widely in their suitability for becoming ADMAs. Very
few watersheds contain all their native organisms living un-
der relatively natural conditions, especially natural flow
regimes; many are highly degraded and contain only frag-
ments of their native biota. The ideal ADMA is a pristine en-
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vironment, but realistically all watersheds have been altered
by humans in some manner—some severely so. If highly al-
tered watersheds are all that are available to protect certain
species or habitats, they should be included in a system of
ADMAs, and efforts should be made to restore them to
more natural conditions, even if such efforts might involve
removal of dams. Such ADMAs, however, will probably
contain a remnant native biota coexisting with introduced
species. A rating system developed by Moyle and Sato
(1991) recognizes the need for managing habitats that range
from pristine to degraded, with highest priority given to the
most pristine areas as ADMAs to prevent their further
degradation.

A more systematic way of rating the suitability of water-
sheds for ADMAs was developed by Moyle and Randall
(1998) for the Sierra Nevada, using a watershed-based in-
dex of biotic integrity (W-IBI). The W-IBI is essentially a
composite score of ratings for six variables that indicate the
resemblance of present conditions in a watershed to pre-
sumed pristine conditions. The variables are (1) abundance
of native ranid frogs, (2) abundance of native fishes, (3)
presence of native fish assemblages, (4) distribution of
anadromous fishes, (5) distribution of trout, and (6) abun-
dance of stream fishes, native and introduced. The W-IBI
permits scoring of large watersheds on a 100-point scale—
with 100 representing pristine conditions (not achieved by
any watershed)—and therefore their ranking in terms of
suitability for large-scale conservation efforts (Fig. 16).
Similar IBIs can be developed for other California regions
(Moyle and Marchetti 1998).

I regard creation of a system of ADMAs (or some simi-
lar system of protected watersheds) as essential to provide
minimum protection for California’s aquatic biodiversity
for the next 50-100 years. ADMAs are needed to ensure that
we have the Leopoldian pieces available for ecosystem
restoration, when and if our society changes its dominant
value system and decides to live with nature rather than
constantly contending with it (G. Snyder 1990). ADMAs

should also serve as standards against which degradation of .

other areas can be measured. For these functions to be real-
ized on a statewide basis, a system of ADMAs must be es-
tablished that includes representatives of the 160 habitat
types described in Moyle and Ellison (1991).

The first step in the process of systematically creating an
ADMA system is to identify potential ADMAs in each re-
gion of the state. This can best be done using expert opin-
ion combined with a systematic method of identifying the
“best” watersheds, such as the use of a specially developed
IBL The list of potential ADMAs would be a source of in-
formation for management agencies and for concerned cit-
izens who want to form watershed conservation groups or
find support for existing ones. Highest priorities should be
given to assigning ADMA status to watersheds that (1) are

Figure 16. A rating of Sierra Nevada watersheds
using an index of biotic integrity (W-IBI). High
scores indicate greater suitability for special man-
agement to benefit native aquatic organisms. From

e

1B} rating

ES5i% 80 and above

B2 60-79

40-59

Less than 40
No data

™./ SNEP study area

13

Moyle and Randall (1998); reprinted by permis-
sion of Blackwell Science, Inc.

unique ecosystems with endemic organisms, such as Fagle
Lake (Lassen County), (2) are critical habitat for threatened
or endangered species, (3) have high IBI scores, and (4) have
the right combination of size, low degree of human distur-
bance, location, and intact fish assemblages to be the best
representative of a particular aquatic ecosystem. Each
ADMA description should include a statement of how
much of it is already protected under de facto ADMAs (e.g.,
watersheds in parks and natural areas) and what parts are
most threatened with degradation, so that limited person-
nel, time, and money can be used most efficiently for ac-
quisition and management. As many ADMAs (or parts of
them) as possible should be incorporated into established
systems of protection, such as wilderness areas or national
parks. Ideally the formation of a system of ADMAs should
be a statewide effort, coordinated by the state Resources
Agency, but ADMA designation does not have to wait for
such official blessing. I suggest that regional environmental

groups make their own ADMA recommendations in order
to encourage systematic, official efforts at watershed pro-
tection.

No matter how complete, a system of ADMAs by itself
will not protect California’s aquatic biodiversity in the long
run. This is because the ADMA system as proposed is a frag-
mented one, with pieces scattered across the landscape,
mostly unconnected to one another. Such fragmentation of
aquatic habitats ultimately leads to loss of biodiversity
through local extinctions without recolonization (Zwick
1992). There is also the danger that conferring special pro-
tection on selected watersheds will justify the granting of
less protection to other watersheds. What an ADMA system
can do (as can protecting endangered species singly or in
clusters) is provide a minimum level of biodiversity insur-
ance until biodiversity can be managed on a broader scale.
As Noss (1992, p. 241) points out, “Biodiversity can be con-
ceived of as a nested hierarchy of elements at several levels
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of biological organization. Familiar levels of organization
are genetic, population-species, community-ecosystem,
and landscape. Generally speaking, as level of organization
ascends from gene to landscape (and beyond, to biosphere),
so does the spatial scale at which these elements occur.” The
first four tiers of biodiversity protection provide for protec-
tion only at the lower three levels of this nested hierarchy,
over a short (50-100 years) time frame. Real and lasting
protection, however, can only occur at higher levels of or-
ganization (Franklin 1993), represented by the fifth and
sixth tiers.

Watersheds are the next logical unit on which to focus
conservation efforts (Reeves and Sedell 1992; Naiman et al.
1993). In California, DWR has divided the state into hydro-
logic basins that can be used as a basis for watershed-
oriented landscape management. Each watershed should be
evaluated at some scale for its natural attributes and have a
management plan that can be used by citizens and various
levels of government to assist in making land use decisions.
Watersheds could also be managed as clusters, preferably as-
sociated with an ADMA watershed in order to maximize
protection of aquatic biodiversity.

Tier 5: Bioregions

To be truly successful, biodiversity protection must be inte-
grated within landscape-scale environmental protection
based on the understanding that human health and well-
being are tied to environmental health (Noss 1992; Barnes
1993). One way to approach biodiversity protection at this
scale is through the use of the bioregion as the unit of man-
agement. Bioregions are human constructs. We look at a
broad area of land and decide that internal similarities in
biological and human-created features combined with dif-
ferences from surrounding areas merit its recognition as a
distinct entity. Examples include the Sierra Nevada, Central
Valley, North Coast, or Klamath bioregions. Obviously
bioregions can overlap, with boundaries that are deliber-
ately vague, although if drawn on maps they usually follow
major watershed boundaries. One key aspect of a bioregion
is that the people living there identify with it and its attri-
butes, for example, with the Klamath bioregion as having
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coastal rain forests, fog, and big runs of salmon. Ideally an
artistic or literary tradition has developed as part of this
bioregional identity, such as the rich literature, from Mark
Twain to Gary Snyder, that focuses on the Sierra Nevada. Art
and literature help local people identify with a region and
with its natural attributes, and such identification in turn
leads to an increased desire for ecosystem protection on a
broad scale.

One of the best examples of an ongoing attempt at bio-
regional planning and restoration is CALFED, the massive
joint federal-state-stakeholder effort to solve the ecological
problems of the San Francisco Estuary. CALFED planning
encompasses the entire watersheds of the Sacramento and
San Joaquin Rivers, although it focuses mainly on the areas
below major dams, between Shasta Dam on the Sacramento
River and Friant Dam on the San Joaquin River. CALFED
recognizes the region as an ecosystem with integrated parts;
thus restoration of estuarine biota and function requires
“fixing” problems upstream as well. CALFED anticipates
spending several billion dollars reversing past damage (e.g.,
moving back levees to recreate floodplains) and appreciates
that local watershed groups must be involved in the process.
Although the driving force behind CALFED is providing a
reliable water supply for the San Joaquin Valley and south-
ern California, it may well have the beneficial effect not only
of improving environmental conditions in major waterways
of northern California but also of increasing regional aware-
ness of the great value, aesthetic and economic, of natural
habitats and naturally functioning ecosystems. CALFED isa
grand experiment that, if successful, may well provide an ex-
ample of bioregional restoration for other regions to follow.

Although the development of CALFED, the numerous
watershed groups, favorable environmental laws, and other
recent actions give reason for optimism, I feel obligated to
end this chapter on a darker note. In the long run no con-
servation scheme will work if the astonishing growth rate of
California’s human population is not curtailed and if we do
not implement more sustainable methods of managing our

wild, agricultural, and urban lands. We, as individuals, must .

be willing to get by on much less, so fish (and other crea-
tures) can have more. In the long run, this policy will benefit
us and our descendants as well, by keeping the planet livable.

ldentification

Identification of fish taken from California’s waters is often
tricky. Some groups of species, such as sculpins or juvenile
cyprinids, are naturally hard to tell apart. Individuals occa-
sionally lack supposedly definitive characteristics because of
injury, colors that fade in turbid waters, or simply natural
variation. Hybridization among species is common, espe-
cially in disturbed waters or among introduced species. In
Oroville Reservoir, for example, a “black” bass caught by an
angler may be a smallmouth, largemouth, spotted, or redeye
bass—or potentially any cross between members of the four
species! Location is often a good clue for identification, but
it is not as reliable as it might be because so many fishes have
been moved around or because similar species have over-
lapping ranges. A sculpin caught on the east side of the Sierra
Nevada, for example, is a Paiute sculpin, but one caught in a
North Coast stream has about an equal probability of being
either a prickly sculpin or a coastrange sculpin.

The following are some suggestions for identifying fish
in California:

+ If it is crucial for identification to be accurate, speci-
mens (preferably more than one) of the species should
be kept for careful identification in the laboratory, us-
ing a microscope or hand lens to make important
counts of fin rays or scales. It is a good idea to keep
voucher specimens, preserved in formalin or alcohol.
Photographs of freshly caught fish can also be helpful.
The use of digital cameras to take photographs of fish
in the field is an increasingly useful practice because of
the ease with which photos can be compared on a com-
puter screen. For small fish, counts of fin rays and
other structures are sometimes more easily performed
from digital photos than from the actual specimen!

Identify the fish using more than one source. A good
backup for the keys and descriptions in this book is
Page and Burr (1991).

* Recognize thatkeys in this book (or elsewhere) will not
work every time; there is simply too much variability
in fish morphology and in human perception. Accu-
racy can be improved by comparing the specimen to
pictures and to the more detailed descriptions in each
species account,

Accuracy of identification improves with familiarity
with fish and with keys, so practice using keys on com-
mon fish, including making scale and fin ray counts,

* For larval and juvenile fish, consult Wang’s (1986)
monumental work or its promised successor.

Using the Key

The characters needed to identify California fishes are pre-
sented in Fig. 17, appear within the key itself, or are de-
scribed below. For more precise definitions of the charac-
ters used in taxonomy, Hubbs and Lagler (1958) should be
consulted.

Standard length (SL) is the distance from the tip of the
snout or lower jaw (whichever sticks out farther) to the end
of the vertebral column. The end of the vertebral column
can be found by flexing the tail and noting the slight pro-
jecting ridge that is present just in front of the caudal fin.

Total iength (TL) is the greatest length that can be meas-
ured, from the tip of the snout or lower jaw to the end of the
longest ray of the caudal fin when the upper and lower lobes
are squeezed together. Total length must be used carefully,
because the tips of the caudal fin can be frayed or broken,
especially in preserved fish.

Fork length (FL) is the distance from the tip of the snout
or lower jaw to the middle of the fork of the caudal fin. This
measurement is commonly used by fisheries workers because
it is easier to measure than standard length and less variable
than total length. However, many fish lack forked tails.
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Figure 17. Important features and measurements of a soft-rayed fish (top) and a spiny-rayed fish (bottom).

Body depth is the greatest depth that can be measured,
excluding the dorsal and anal fins.

Head length is the distance from the tip of the snout to
the most distant point at the edge of the operculum.

Fin spines are unbranched, unsegmented supports for
fins that, if present, are on the leading edge of the fin. The
smallest spines and most anterior spines may be hard to see.
In sculpins the main spine in the pectoral fin is fused with
the first ray, so counts are given as fin “elements” to avoid
double-counting the first structure.

Fin rays are counted at the base of each ray to avoid
counting branches (rays tend to fan out toward the fin edge).
In soft-rayed fins that have an angular shape and a straight
anterior edge, as in minnows and suckers, only principal rays
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are counted; the one or two rudimentary rays that may be
present in front of the first principal ray are ignored.

Lateral line scales are the scales bisected by the lateral
line, extending from the edge of the opercular opening to
the base of the tail. The count represents the number of
body scale rows, so it may be taken even if the lateral line is
not visible. The count in such cases is called scales in the lat-
eral series. In fishes that lack scales but that possess a visible
lateral line (sculpins), lateral line pores may be counted; they
are small openings visible with a hand lens.

Scales above the lateral line are counted from the ori-
gin of the dorsal fin (first dorsal fin if there is more than
one) down to the lateral line, not including the lateral line
scale.

Scales below the lateral line are counted from the ori-
gin of the anal fin up to the lateral line, preferably by fol-
lowing one scale row, not including the lateral line scale.

Scales before the dorsal fin are the total number of scale
rows that cross the back of the fish before the dorsal fin and
behind the posterior dorsal end of the head. The end of the
head is often marked with a line that separates the scaled
from the unscaled portion.

Pharyngeal tooth counts can be important for the
definitive identification of cyprinids but are difficult to per-

form, because the teeth have to be dissected out of fresh
specimens, They are present on pharyngeal arches in the
lower half of the pharyngeal region, just behind the gill rak-
ers. There are two sets of pharyngeal teeth in each fish, one
on each side. The teeth are in one or two rows, and their
numbers are presented as a formula, for example 1,4-4,1,
where the 1is the number of teeth in the upper (minor) row
and 4 is the number in the lower row. Jenkins and Burkhead
(1994) present a good discussion on using pharyngeal teeth
for identification of cyprinids. |
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Key to the Inland Fishes of California

Family Key
la. Mouth with true jaws; gill cover (operculum) Present ..............ouviuneenerr e 2
1b. Mouth jawless, a round sucking disc; no operculum present ...................ouevn... Petromyzontidae (lampreys), p. 84
2a. Sides with 5 rows of bony plates; upper lobe of tail much longer than lower (heterocercal) . .. Acipenseridae (sturgeons), p. 85
2b. Sides without 5 rows of bony plates; tail lobes about equal (homocercal) ..........0veu'eeisieeeeenennns, 3
3a. More than 30 branchiostegal rays (fanlike bones) on underside of lower jaw; machete, Elops affinis® ... .. ... Elopidae (tarpons)
3b. Fewer than 30 branchiostegal rays (fanlike bones) on underside of loWer Jaw ... .......uuereeeeeeiriiieeeeeens, 4
4a. Scales on belly form a sharp, sawtoothed ridge; vertical, adipose eyelids present ................. Clupeidae (herrings), p. 85
4b. Belly smooth and usually rounded; no vertical, adipose eyelids .. .........veeenne et 5
5a. AdIpose fin Present .. ..o 6
Sb. AdIpose fin absent . ... ..o e 8
6a. Scales absent, chin barbels PIESEIL ittt e e e i e Ictaluridae (catfishes), p. 85
6b. Scales present, chin barbels absent .. ......o.uiiiiiiii 7
7a. Small fleshy or scaly appendage (axillary process) present at base of each
pelvicfin ....... ..o i, F e e e e Salmonidae (trout, salmon, whitefish), p. 88
7b. Axillary processes absent ...........c.ii i, e e Osmeridae (smelts), p. 88
8a. One side of body unpigmented; both eyes on one side of head; starry flounder, Platichthys
stellatus ... oo P e Pleuronectidae (flounders)
8b. Both sides of body pigmented; eyes on opposite side of head ..........o.oiteeer e S 9
9a. Body encased in bony plates; snout long and tubular; bay pipefish, Syngnathus leptorhynchus . . . . . . .. Syngnathidae (pipefishes)
9b. Body not encased in bony plates; SNOUTDIUDE .+« ...ttt ettt et et 10
10a. Body smooth, long and slender (el-lke) .. ... .vu vt irte et e 11
10b. Bodymnoteel-like ... ..o 13
11a. 5-6 barbels on each side of jaw; oriental weatherfish, Misgurnus anguillicaudatus® (Fig. 18) ......vvvni. Cobitidae (loaches)
11b. Barbels absent .. ..o v e 12
12a. Dorsal fin extends from tail regiontohead ....... ... vnrr i Pholididae (gunnels), p. 91
12b. Dorsal fin extends from tail region to middle of body ...........co.oiirin i, Anguillidae (eels)*
13a. Pelvic fins united to form a sucking disc . .....oouiuiinien it Gobiidae (gobies), p. 93
13b. Pelvic fins separated, not forming a sucking disC . . ..o v v e tu ettt ottt ettt e 14
14a. Dorsal fin consists of 3-5 unconnected spines followed by a soft-rayed fin; caudal peduncle
TIATTOW 4ottt ittt e s tte s e e tee e et ettt et e e e e e e e Gasterosteidae (sticklebacks), p. 91
14b. Dorsal fin spines and rays connected to others by membrane; caudal peduncle various .............c.oovieeireaiin. 15
15a. Scales absent; pectoral fins large and rounded ...........ouieitn i Cottidae (sculpins), p. 93
15b. Scales present; pectoral fIns MOT @S ADOVE ... v\t vttt ittt ettt e e e e 16
16a. Two distinct, widely separated dorsal fins PrESENt .. \vtvuvetus ittt et ettt e e e 17
16b. Dorsal fin single or divided into two sections that touch or are barely separated ................overeeerernennn... 19
17a.” Caudal fin rounded; pelvic fins in front of pectoral fins; spotted sleeper, Eleotris picta (Fig.19)° . ........ Eleotridae (sleepers)
17b. Caudal fin forked; pelvic fins well behind pectoral fills ... ... ..uuusern ettt e e e e e 18
18a. In head-on view, mouth shaped like wide, inverted V with distinct peak in center of lower jaw; stripes on side, if
visible, multiple and narrow; striped mullet, Mugil cephalts «..........00oeueees e, Mugilidae (mullets)
18b. Mouth not a distinct V in head-on view; single wide band onsides ..................... Atherinopsidae (silversides), p. 91
19a. No spines present in dorsal fin . ..o u v et en et 20
19b. Spines presentin dorsal fin ....... it e 25
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. Machete are marine fish that occasionally enter the lower Colorado River. They were once common in the Salton Sea (Walker et al. 1961).
. Oriental weatherfish have been reported as established in the Westminster Flood Control Channel, Orange County (St. Amant and Hoover

1969). T have no recent confirmation that they are still present.

- Bels of various species of Anguilla have been captured in California waters, but they are undoubtedly nonbreeding animals that have es-

caped from ponds where they were being raised for food (McCosker 1989).

. A single spotted sleeper, normally found in streams and estuaries of Mexico and Central America, was taken from a canal in the Imperial

Canal (Hubbs 1953).

IDENTIFICATION

Figure 19. Spotted sleeper (Eleotridae), 57 mm
SL, Mexico. CAS 51006.

Figure 20. Northern pike (Esocidae), 540 mm SI,
Lake County, Minnesota. Fish print by Christo-
pher M. Dewees.

20a.

20b.

21a.
21b.

22a.
22b.

23a.

23b.

24a,

24b.
25a.
25b.
26a.
26b.
27a.
27b.

Figure 18. Oriental weatherfish (Cobitidae), 95
mm SL, China. From Nichols (1943); courtesy of
The American Museum of Natural History.

Sn'out str60ng1y flattened (like duck’s bill); mouth lined with sharp teeth; body elongate; northern pike, Esox lucius
(Fig.20)5.............. R Esocidae (pikes)
Snout not flattened; teeth in mouth small or absent; body various .................. e, 21
Scales present on head; caudal fin rounded or SQUATe .. .vutt i, P 22
Scales absent from head; caudal fin forked, often onlyslightly .................... ST P R 24
Thi.rd ray of anal fin unbranched; anal fin modified to intromittent organ in males (Fig.'Zl) ... Poeciliidae (livebearers), p. 90
Third ray of anal fin branched; anal fin not modified inmales ..................... ... ... | 23
Boiy éieep, depth divisible into body length less than 3.5x; caudal peduncle deep and compressed; back behind head
arche ing i

...... T e e Cyprinodontidae (pupfishes), p. 90
Bod'y depth c.hv1s1ble into body length more than 3.5x; caudal peduncle not deep and compressed; back behind head
straight or slightly rounded ... Fundulidae (killifishes), p. 90
Mouth usually subterminal, with fleshy papiliose lips;” dorsal fin with 10 or more principal
TAYS « e Catostomidae (suckers), p. 87

Mouth usually terminal, with smooth lips; dorsal fin usually with fewer than 10 principal rays .. .. Cyprinidae (minnows), p. 86
Distinct scaled ridge present along base of dorsal fin
No such ridge present ... 26

..................................................................................... 2

Anal fin spines 3 ormore ... 2;
One stout dorsal fin spine; dorsal fin single ... Cypriniciae (carp and goldﬁsh) p. 86
Four or more spines on dorsal fin; dorsal fin divided into two distinct sections ......... Percidae (perches and darters), p. 93

6. Northern pike became established in Davis Reservoir, Plumas County, from an illegal introduction. A major effort by CDFG is under way

to

control and eventually eliminate them because of their potential hazard to salmon populations.

7. Both the bigmouth buffalo and the shortnose sucker have terminal mouths, but they can be distinguished from cyprinids by their comb-

11:ke Pharyngeal teeth, lack of spines in the dorsal and anal fins (possessed by carp and goldfish), lack of barbels (carp), large size, and dis-
tinctive appearances. ’ ’
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Figure 21. Western mosquitofish, showing intro-
mittent organ (gonopodium).

ZINTROMITTENT ORGAN

PSEUDOBRANGCH

Figure 22. Pseudobranch on the inner surface of
a striped bass operculum.

28a. Well-developed pseudobranch (gill-like structure) present on inner surface of

operculum (FIg. 22) o vvetnn et et Moronidae® (temperate basses), p. 92
28b. Pseudobranch absent Or iNCONSPICHOUS .+ .t vv vt v vt etvant et ettt ettt aae it ettt 29
29a. Dorsal and anal fins long and pointed at rear; one nostril present on each side of head; lateral line

FTe e 111 R D L EERETETRTRRRRRE Cichlidae (cichlids), p. 93
29b. Dorsal and anal fins rounded; two nostrils present on each side of head; lateral line

COTEIIITIOUS '+ v v v v s v vt et st asave e et e e eneteasaseatseeennsasnanannsnenans Centrarchidae (sunfishes and basses), p. 91

Petromyzontidae, Lamprey Family

la. Eyes and sucking absent or poorly developed (ammocoetes) .. ....ooovvviiieiiinierii e 2
1b. Eyes and sucking disk well developed (adults) .. .....ovvviuviiiineii 5
2a. Trunk myomeres (segments) more than 66; body and head darkly pigmented; light spot in center

Py o= Y1 PSR S Pacific lamprey, Lampetra tridentata
2b. Trunk myomeres fewer than 67; body and head not darkly pigmented; no light spot in center oftail ...t 3
33, TEUNK INYOTEIES 5867 . vttt et e tas et ena e ettt bt st ettt ettt e s e bbbt 4
3b, Trunk myomeres 51-57 .. ...ieuunereeneroininiiiani i .. nonpredatory brook lampreys, Lampetra spp.
42, Trunk MYOMEres 63—67 . ... vvttentnnteneenentin et atiatiatase et river lamprey, Lampetra ayersi
4b. Trunk myomeres 58-65 (usually 60~63), upper Klamath River ................... Klamath River lamprey, Lampetra similis
5a. Tooth plates on oral disc conspicuous and well developed, with distinct points ... 6
5b. Tooth plates poorly developed and BIUNT . ... .. ouuieeenii e 9
6a. TL greater thaml 28 CITL .. vt v vttt nnen s een ettt e et e eat et Pacific lamprey, Lampetra tridentata
6D, TLIESS thaTl 28 CITL « v v vt vttt et e et e eue e et e s ee e vt as s e e s e e e sae e b e it s nnaaaes st 7
7a. Supraoral tooth plate (in center of disc) with 3 cusps, 4 inner lateral tooth plates on each side (Fig.23) ............... 8
7b. Supraoral tooth plate with 2 cusps, 3 inner lateral tooth plates on each side cvvviiiiiii river lamprey, Lampetra ayersi
8a. 'Trunk MYOMEIes 66 OF TNOTE « « v v v s eusvnsensernseuassustnnenoetotsaruoreneresss Pacific lamprey, Lampetra tridentata
8b. Trunk myometes fewer than 66 ...........o.vvviiiiiiiiiniiiiii e Klamath River lamprey, Lampetra similis®

8. Also listed in some references as “Percichthyidae.”
9, The Klamath brook lamprey, L. folletti, is now included within the Klamath River lamprey.
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_Figure 23, Diagrammatic disc of alam- 1“1"
prey, showing position of tooth plate. OUTER CIRCLE L)
After Vladykov and Follett (1962).

9a. Caudal fin pale, pigmentation along edge only, San Joaquin drainage................. Kern brook lamprey, Lampetra hubbsi

9b. Caudal fin dark, evenly pigmented except for Margin . ..........oouiiurineenseeee e eeeeennss 10
10a. Supraoral tooth plate usually with 3 cusps, Pit and upper Klamath River

drainage ...... Pi
...... Seresessseceiiiiin e Pit-Klamath brook lamprey, Lampetra lethophaga

10b. Supraoral tooth plate with 2 cusps, coastal drainages ................ouven... western brook lamprey, Lamﬁetm richafdsoii

Acipenseridae, Sturgeon Family

la. 1-2 middorsal scutes (bony plates) behind dorsal fin; 23—30 scutes in row on each side
of body

dy o R R R EEERP T RRPRp green sturgeon, Acipenser medirostris
1b. No middorsal scutes behind dorsal fin; 38-48 scutes in row on each side ........... white sturgeon, Acipenser transmontanus

Clupeidae, Herring Family
la. Lastray of dorsal fin long and threadlike; single black spot near operculum ............. threadfin shad, Dorosoma petenense
1b. Last ray of dorsal fin not elongated; either more than one or no black spots present near operculum ................. 2
2a. Row of black spots on side; scales in lateral series more than 55 ..............c..vvvnnn... American shad, Alosa sapidissima
2b. No black spots on side; scales in lateral series fewer than 55; marine ............... Pacific herring, Clupea harengeus pallasii

Ictaluridae, Catfish Family
la. Tailforked .....ovivii e 2
1b. Tail SQUATe OF TOUNAEd ... ... oo\ ss s eee e e e 4
2a. Anal fin rays 30-36; margin of anal fin nearly straight ............. ..ottt blue catfish, Ictail;r‘u-slf.urcatus
2b. Anal fin rays fewer than 30; margin of anal finrounded ...............coiiiiiiii i 3
3a. Anal fin rays 24-29; small dark spots usually present onsides .................cvuurn.. channel catfish, Ictalurus punctatus
3b. Anal fin rays 19-23; no dark Spots on sides .. ....uuii it e white catfish, Ameiurus catus
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4a.
4b.

5a.
5b.

6a.

6b.

Anal fin rays 23—27; chin barbels whitish .. ...ooooieiie yellow bullhead, Ameiurus natalis

Anal fin rays fewer than 25; chin barbels dark ......oouvaininiiie e 5
Anal fin rays 12—15; lower jaw projects beyond upper JAW o eve e flathead catfish, Pylodictis olivaris
Anal fin Tays 17245 JAWS EVEIL . oo v v e uesneasnns e et s 6
Membranes between anal fin rays black; body not mottled; whitish bar present at base

B 1 T R R black bullhead, Ameiurus melas.
Membranes between anal fin rays same color as or lighter than rays; body mottled; no whitish bar present at base

P R brown bullhead, Ameiurus nebulosus

Cyprinidae, Minnow Family

la.
1b.

2a.
2b.

3a.
3b.

4a,
4b.

5a.
5b.

6a.
6b.

7a.
7b.

8a.

8b.

9a.

9b.

10a.

10b.

1la.

11b.

12a.

12b.
13a.

13b.

14a.
14b.

15a.
15b.

16a.
16b.
17a.

17b.

18a.

Dorsal fin long, with stout, serrated “spine” at front . .....ovveeniisierinnrie e 2
Dorsal it ShoTt, WHROUE “SPINE” ...ttt eeeeeeeeetseuaaa e et s et 3
Conspicuous barbels present on each side of mouth; 32 or more lateral line scales present .. ... cormmon carp, Cyprinus carpio
Barbels absent or tiny; lateral line scales fewer than 32 ......oovvvveniiirnrrrerennnenees goldfish, Carassius auratus
Fleshy keel (ridge) present between pelvic andanalfins .....oviiii i golden shiner, Notemigonus crysoleucas
IO SUCH KEEL v v v v e e ettt e e e e e e ettt e e 4
Barbels present (may be tiny, at end of MAKILA) oottt et 5
Barbels ADSEIIE « + v v v e e v ee et ee e et e 7
More than 90 scales along lateral line; deep bodied .. ...oovvvvvviveniiiiniiiin e tench, Tinca tinca
Fewer than 90 scales along lateral line; slender bodied .. ...ovvvevveiniiniienrree e 6

Upper lobe of caudal fin longer than lower; anal fin rays 7-9; body silvery, no speckles . .. splittail, Pogonichthys macrolepidotus
Caudal fin symmetrical; anal fin rays 6-7; body not silvery, usually speckled .. speckled dace, Rhinichthys osculus (see also 17a)

Small ridge of skin (frenum) connects upper lip to snout (Fig. 24) covvevvnnieannns hardhead, Mylopharodon conocephalus™®
e« P R 8
Caudal peduncle extremely 10ng and NATTOW ... .vevivvnninnueauise e bonytail, Gila elegans
Caudal peduncle NOTMAl ... ... v . v ene ettt et 9
Upper lobe of caudal fin longer than lower Jobe v Sacramento splittail, Pogonichthys macrolepidotus'!
Caudal il SYMMELTICAL ... o\ vt ueeste ettt e s et 10
Mouth large, straight, and terminal; maxillary reaches middle of eye or beyond; snout pointed ... oo 11
Mouth small, usually subterminal or angled upward; maxillary does not reach middle of eye; snout blunt ............ 12
Dorsal and anal fin rays 9; Colorado River drainage ....c.oevveeviiinarearenes Colorado pikeminnow, Ptychocheilus lucius
Dorsal and anal fin rays 7—8; Sacramento—San Joaquin drainage ............. Sacramento pikeminnow, Ptychocheilus grandis
Lateral line scales tiny (>90); mouth terminal; head of adult flattened ........ Sacramento blackfish, Orthodon microlepidotus
Lateral line scales small to large (<60), mouth and head ot T T O 13
Head wide between eyes, flattened on top; mouth terminal; lateral line scales with dark edges and spot

S R R LR grass carp, Ctenopharyngodon idella
Head narrow between eyes, not flattened on top; mouth various; lateral line scales plain . ..vvvvieviiiiiiiiiiane 14
Scales along lateral line fewer than 40 . ... uvviireriiiiinnii e red shiner, Cyprinella lutrensis
Scales along lateral ine moTe than 40 «. ... .e.uuuranusnienthi e 15
Anal fin rays 10-14; posterior edge of extended anal fin forms oblique angle to lateralline .......... hitch, Lavinia exilicauda
Anal fin rays 7-9; posterior edge of extended anal fin forms perpendicular angle to lateral line .......c.ooovviennnen 16
Maximum body depth less than 2x caudal peduncle width; scales on back distinctly outlined; scales behind head

crowded; adults with horizontal dark bar on dorsal fin . ...oovevven i fathead minnow, Pimephales promelas
Maximum body depth more than 2x caudal peduncle width; scales on back various; scales behind head uniform;

110 dark bar o1 Spot on dorsal fiTl . . .. v e utree e 17
Eyes small; distance between eye and tip of snout more than 1.5x width of eye; body usually speckled; dark band usually
COTULECES €7 T0 STIOUL « « + 4+ v v v e e s e snneeees st e es s dibbas st s nee s et speckled dace, Rhinichthys osculus
Eyes moderate to large, distance between eye and tip of snout less than 1.5x width of eye; body not speckled;

10 AArK BANA OILSTIOIE «  « v vt e e v vse e e e e tbnee e e e st as e e s e e e e e et 18
Caudal peduncle moderate, depth of peduncle divisible more than 3x into distance from insertion of anal fin to base

of tail at midline; in fish over 50 mm SL, greatest body depth divisible more than 4XINto SL « vt vv et i e 19

10. A few speckled dace without barbels may key out here, but note the thick caudal peduncle and overhanging snout.
11. Clear Lake splittail, P. ciscoides, now extinct, will also key out here.
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FRENUM

Figure 24. Frontal view of a hardhead, showing frenum.

18b. Caudal peduncle short and thick, depth of peduncle divisible less than 3x into distance from insertion of anal fin

to base of tail at midline; in fish over 50 mm SL, greatest body depth divisible less than 4x into SL .. ...... 20

19a. Sides with wide dark band between 2 pale bands; anal fin rays 8-10; intestine, when viewed from side, has one

19b.

20a. Lateral li.ne scales more than 65; body depth usually one-firth or less of TL; Klamath river system
20b. Lateral line scales fewer than 65; body depth usually one-fifth or more of TL

S-shapedbend .......... ‘
oo p He A PO A A Lahontan redside, Richardsonius egregius
Ldes usually without 3 bands; anal fin rays 6-9, usually 6-7; intestine, when viewed from side, has 2-3 S-shaped
ENAS vttt s iforni j /
........................................... California roach, Lavinia symmetricus

. ... blue chub, Gila coerulea

..................................... 21
;E znout does not overhang mouth; anal fin rays usually 8 (7-9); gill rakers usually more than § . ... tui chub, Siphateles bicolor'2
. Snout overhangs mouth; anal fin rays usually 7; gill rakers 9 or fewer; southern California .......... arroyo chub, Gila orcutti
Catostomidae, Sucker Family
la. Mouth terminal; lips thin, with few or no papillae ............c..........
1b. Mouth subterminal; lips usually thick, with distinct papillae . ................... ......................... §
;e;. gorsal fin long, 2330 rays; lateral lir‘le scales 36-39; southern California ............ bigmouth buffalo, Ictiobus cth;r.ir.tellus13
. Dorsal fin short, 1112 rays; lateral line scales 73-88; Klamath system .............. shortnose sucker, Chasmistes brevirostris
;a). I[JJpper em(z1 llower lf_ps separated by deep indentations at corners of mouth; median notch of lower lip shallow (Fig. 25B) 4
. Upper and lower lips not separated b i ions; i i i ; i ip te
g o) p """" p " ‘e' ! ydeep ‘1r.1<.15:1‘1.ta‘1t10ns, margin of lip continuous; median notch of lower lip moderate
. 1 SO e 5
4a, Plgxglentago?fpresent on membranes between rays of caudal fin; axillary process at base of pelvic fins a simple fold;
southern California ’
. AUIOTIUR Lo Santa Ana sucker, Catostormus santa
4b. ?gnientagm(g abs;nt or very sparse on membranes between rays of caudal fin; axillary process at base of pelvic fins well e
eveloped; Great Basin .. .. i
.............................................. mountain sucker, Catostomus platyrhynchus
5a. Well-developed, sharp-edged ridge on back bef ; i .
N o Presen}; “ g '''' g .... ac ! .e.(?r‘e dorsal fin; Colorado River ........... razorback sucker, Xyrauchen texanus
O SUCH EIGEE PIESEME 1w vvs ettt st 6
6a. Distinct hump on snout; lips thin, papillae onl i
: ; , y moderately developed; Klamath B i
6b. Snout without hump; lips thick and papillose .......... Y ...... P ...... .n.la Pt - TostRiversacken Gatostomus o
7a. Lateral ine scales mOre than 80 . .-+~ vv oo oo ;
7b. Lateral line scales fewer than 80 ... ... .vvvvensseeness o X
ralli : R R R R R EEERERRERE 11
8a. Medlarf' 1nflentat11§n on %i)wer lip moderate, 2 or more rows of papillae crossing its midline; 5-6 rows of papillae on
upper lip; lower Klamath River ......... Kl ’
t lip Klamath River ..., e th smallscale sucker, Catost imicul
8b. Median indentation on 1 1i i cin its il , o
oo ntetiom on! ower . 1p deep, Ti'stlfil.l?f.only 1 row of papillae crossing its midline; 2—6 rows of papillae on
.............................................................. 9
9a. Ic)olrsal éin 1ie.iys 1213, fin falcate; adults with large fleshy lobes on lower lips; caudal peduncle narrow;
olorado River ................ ,
O RIVET . e e e Flannelmouth sucker, Catostornus latipinnis'*
12.

13.
14.

Lateral line scales in Klamath tui chubs are fewer th i i i i ]
Eover dtntemes e oot b wer than 54. The extinct thicktail chub, Siphateles crassicauda, of the Sacramento—San Joaquin
Bigmouth buffalo were introduced into southern California reservoirs and the lower Colorado River, but are probably no longer present

1 nnelmo B § are preser t l)elOW Davis Dam Jevada— 1Zona. and y occasionally b d (]le al areac lOf -
> Ar
Fla Ll(] lleeI are ’ may o 11 € fou C hforn the C()l
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A B
Figure 25. (A) Mouth of a typical sucker (Sacramento sucker); (B) mouth

of a Pantosteus-type sucker (mountain sucker). Figure 26. Cutaway view of dorsal sur-

face of Tahoe sucker head, showing well-
developed frontoparietal fontanel.

9b. Dorsal fin rays 9-11, fin not falcate; adults without large fleshy lobes on lower lips; caudal peduncle moderate

R T MR S R R 10
10a. Skin-covered opening on top of head (frontoparietal fontanel) small or absent; adults usually less than 20 cm TL; ’
TIAALE Pit RAVET © o v vt e ettt e vee vt e re e s eaaansne ettt aas Modoc sucker, Catostomus microps'>
10b. Frontoparietal fontanel well developed (Fig. 26); adults usually greater than 18 cm TL; '
GTEAT BaSITL + « v v ettt et e ettt e et s e et Tahoe sucker, Catostomus tahoensis
11a. Dorsal fin rays usually 10 or fewer; belly dusky; Owens River ............vveiin s Owens sucker, Catostomus fumeiventris
11b. Dorsal fin rays usually 11 or more; belly white to yellow .....ooviviniiiiiiiii e 12
12a. Dorsal fin rays usually 11, occasionally 12; Klamath River ............ooonn Klamath largescale sucker, Catostornus Sf’lydEfl 1.6
12b. Dorsal fin rays usually 12 or more, rarely 11; Sacramento-San Joaquin basin ..... Sacramento sucker, Catostomus occidentalis
Osmeridae, Smelt Family
la. Mouth small, maxilla does not reach past middle of eye .....ovneinn it 2
1b. Mouth large, maxilla usually reaches beyond posterior margin of eye .......ovviieiiieiiiiiiiiee 4

2a. Head length more than 4x eye diameter and more than 2.5x longest anal fin ray; scales in lateral series 66—73;
eyt J A R surf smelt, Hypomesus pretiosus

2b. Head length less than 4x eye diameter and less than 2.5x longest anal fin ray; scales in lateral series 53-60 ............ 3

3a. One or no chromatophores (pigment spots) between mandibles: dorsal fin rays 9-10, anal fin rays '
0 T R R R T e delta smelt, Hypomesus transpacificus

3b. Ten or more chromatophores between mandibles; dorsal fin rays 7-9; anal finrays 13-15........... wakasagi, FH. nipponensis

4a. Pectoral fin, when depressed, reaches, or nearly reaches, pelvic fin base; operculum without concentric .
P e e T aTe L ST R longfin smelt, Spirinchus thaleichthys

4b. Pectoral fin, when depressed, reaches about halfway to pelvic fin base; operculum with concentric

P e e aTe s TP R R R R eulachon, Thaleichthys pacificus

15. Modoc suckers are sympatric only with Sacramento suckers, from which they can be readily differentiated by their short dorsal fin (10-11

rays) and generally small size at maturity. . .
16. Klamath largescale suckers, Lost River suckers, and shortnose suckers are highly variable in morphology and are often hard to tell apart

at small sizes.

88 IDENTIFICATION

Figure 27. Arctic grayling, 25 cm SL, Alaska.

Salmonidae, Salmon and Trout Family

la. Dorsal fin long (17+ rays); dorsal fin base longer than head length ............ Arctic grayling, Thymallus arcticus'” (Fig. 27)
1b. Dorsal fin short (<17 rays); dorsal fin base shorter thanheadlength ...... ... .o i i 2
2a. Mouth small, subterminal, maxilla does not reach middle of eye; scales large
(<100 inlateral ine) ......oovuneiiniii i e mountain whitefish, Prosopium williamsoni
2b. Mouth large, terminal, maxilla reaches past middle of eye; scales small (>100 in lateralline) ................ccovnn.. 3
3a. SLless than 12 cm GUVEIIES) ..o vttt it et e e e e e 4
3b. SLgreater than 12 cm (dULES) ..o ettt e e e e e 14
4a. Parr marks absent, maximum size 5cmSL ... . i e pink salmon, Oncorhynchus gorbuscha
4b. Parr marks present, maximum size 1012 I SL ...ttt ittt e e e 5
5a. Anal fin rays 8—12; anal fin higher thanlength of base ......... ... . o i 6
" 5b. Anal fin rays 13-19; anal fin longer than high .. ... 0. 11
6a. Dorsal fin with conspicuous dark spots or with darkened anterior ray . ......ov vt e 7
6b. Dorsal fin without dark spots or darkened anterior ray . ........ ettt e e e 10
7a. Parr marks wide (combined width greater than or equal to combined width of spaces between parr marks); red or
yellow spots present on live wild fish .. ... oo oo e 8
7b. Parr marks narrow (combined width less than combined width of spaces between parr marks); no red or yellow
spots present on live wild fiSh . ... ..ot e e e e 9
8a. Parr marks 8-9; adipose fin of live fish plain; tip of chin with dark pigment ................ brook trout, Salvelinus fontinalis
8b. Parr marks 10-12; adipose fin of live fish orange; tip of chinplain ............. ... .. ..o oo. .. brown trout, Salmo trutta
9a. Mouth large, maxillary extending beyond posterior margin of eye; teeth present on rear of tongue; dorsal fin rays
8-11 (usually 10); red slash present along inner edge of lowerjaw ..................... cutthroat trout, Oncorhynchus clarki
9b. Mouth moderate, maxillary does not extend beyond posterior margin of eye; no teeth on tongue; dorsal fin rays 10-13
(usually 11-12); slash marks usually absent from lowerjaw ..................ocon rainbow trout, Oncorhynchus mykiss
10a. Distance from tip of snout to base of dorsal fin about one-half SL; parr marks narrow vertical bars; central Sierra
BT lake trout, Salvelinus namaycush
10b. Distance from tip of snout to base of dorsal fin less than one-half SL; parr marks irregular blotches;
McCloud RIVET (EXHINCE) v vttt ettt ettt ettt ettt e et et et bull trout, Salvelinus confluentus
11a. Parr marks short, only a few reaching below lateral line,if atall ....... ... o i i i i 12
11b. Parr marks large, most reaching below lateral line ......... ..ottt it i aienieeaneans 13

12a. Parr marks small and faint, usually entirely above lateral line; sides of living fish below lateral line iridescent green;
UIICOTTIIIIONL 4 e s st e et e e e ts et e e e e e s bt e e st e et e e s e e te et te e tn e ate et et enneeneens chum salmon, Oncorhynchus keta
12b. Parr marks sharply defined, usually a few extending slightly below lateral line; sides of living fish below lateral

Hne silvery «.vvuvie i e e sockeye salmon and kokanee, Oncorhynchus nerka-
13a. Parr marks wider than interspaces; adipose fin with clear area atbase ........... chinook salmon, Oncorhynchus tshawytscha
13b. Parr marks narrower than interspaces; adipose fin completely speckled . ................ coho salmon, Oncorhynchus kisutch
14a. Anal fin rays 13—19; anal fin base longer than length of longestray ....... ... i 15
14b. Anal fin rays 8—12; anal fin base shorter than length of Jongestray ... i 19
15a. Large black spotsonbackand tail ... ... . . i e 16

17. Grayling, an introduced species, is most likely now extirpated from California. The last known population was in Lobdell Reservoir, Mono
County.
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15b,
16a.

16b.

17a.
17b.

18a.
18b.

19a.

19b.
20a.

20b.
21a.

No such spots on back and tail (but fine speckling may be presentonback) ......... .. .. 18
Spots on back large and oval; more than 160 scales in lateral line; exaggerated hump on back of adult

MAles . pink salmon, Oncorhynchus gorbuscha
Spots on back small and round; fewer than 150 scales in lateral line, hump of spawning maleslow ................... 17
Gums of lower jaw black; spots present on both lobes of tail; anal fin rays 15-17 ... chinook salmon, Oncorhynchus tshawytscha
Gums of lower jaw white to gray; spots present on upper lobe of tail only, or absent; anal fin rays

12-15 B coho salmon, Oncorhynchus kisutch
Gill rakers short and stout; 19-26 on first gill arch; uncommon ...................... ... chum salmon, Oncorhynchus keta
Gill rakers long and slender; 30-40 on first gillarch . .................... sockeye salmon and kokanee, Oncorhynchus nerka
Body with dark spots on light background; teeth present on shaft of vomer (detectable as line of teeth running down

middle of roof of mouth) ... 20
Body with light spots (e.g., red, orange, green) on dark background; teeth absent from shaft of vomer . ............... 23
Dark spots on sides, each surrounded by pale halo; spots usually absent from caudal fin (a few may be present on

dorsaledge) ...t brown trout, Salmo trutta
Dark spots on sides without halos; caudal fins usually heavily spotted® ............. ... . 21

Basibranchial teeth present;'® red slash marks present along inner edges of lower jaw; scale rows between lateral line
and base of dorsal fin 32-48; maxillary extends well beyond posterior edge of eye ....... cutthroat trout, Oncorhynchus clarki

21b. Basibranchial teeth absent; red slash marks absent from lower jaw; scale rows between lateral line and base of dorsal
fin 25-32; maxillary does not extend beyond posterior edge of eye except in some large
(0+em)fish. ..o rainbow trout, Oncorhynchus mykiss*®
22a. Tail deeply forked; leading edges of pelvic and anal fins not distinctively pigmented; central Sierra
Nevada ..o lake trout, Salvelinus namaycush
22b. Tail not deeply forked; leading edges of pelvic and anal fins white or cream colored ......... oo i 23
23a. Back mottled with wormlike markings; dorsal and caudal fins marbled ................... brook trout, Salvelinus fontinalis
23b. Back with pale spots, not mottled; dorsal and caudal fins not marbled ................. .. bull trout, Salvelinus confluentus
Fundulidae, Killifish Family
la. Number of scales in lateral series more than 30; SL uptoll5mm ................. California killifish, Fundulus parvipinnis
1b. Number of scales in lateral series fewer than 30; SL less than 41 mm .. ................. Rainwater killifish, Lucania parva,L
Cyprinodontidae, Pupfish Family
la. Dorsal fin equidistant between base of caudal fin and snout; pelvic fins small, usually with 7 rays .. .................. 2
1b. Dorsal fin closer to base of caudal fin than to snout; pelvic fins reduced or absent, usually with 6 or fewer TAYS ..l 3
2a. Scales with spinelike projections on circuli; interspaces between circuli not reticulated (Fig. 28A); southern
California .........ooiii desert pupfish, Cyprinodon macularius
2b. Scales without spinelike projections on circuli; interspaces between circuli reticulated (Fig. 28B);
OwensValley ... Owens pupfish, Cyprinodon radiosus
3a. Scales in lateral series 27-34; scales before dorsal fin 22-33, usually 25-30 ............ Salt Creek pupfish, Cyprinodon salinus
3b. Scales in lateral series 25-26; scales before dorsal fin 15-24, usually 17-19 ......... Amargosa pupfish, Cyprinodon nevadensis

Poeciliidae, Livebearer Family

la.

Four to eight large black spots oneach side . .................oooooioo porthole livebearer, Poeciliopsis gracilis

Ib. Sides without black spots .. ........ouuiui i 2

2a.

18.
19.
20.
21.

22.

Scales in lateral series 29-32; anal fin rays 6-7; intestine short, without coils; origin of dorsal fin behind origin
ofanal fin ... o western mosquitofish, Gambusia affinis*?

Paiute cutthroat trout, O. clarki seleniris, have few spots anywhere on the body but possess parr marks as adults,

If basibranchial teeth are present, they can be detected by gently feeling the base of the trout’s tongue between the gills, with a finger.
Golden trout and redband trout are now considered to be subspecies of rainbow trout and will key out here.

Rainwater killifish resemble female mosquitofish (Poeciliidae), from which they can be distinguished by number of dorsal rays (9—14 ver-
sus 6—7 on mosquitofish).

Eastern mosquitofish, Gambusia holbrooki, may also be present in the state. It has 7 dorsal fin rays, as opposed to 6 dorsal fin rays on the
western mosquitofish,

IDENTIFICATION

Figure 28. Scales of pupfish: (A) desert pupfish;
(B) Owens pupfish. After Miller (1948).

2b.

3a.
3b.

4a.
4b,

5a.,

5b.

Scales in lateral series 28 or fewer; anal fin rays 8-10; intestine long and coiled; origin of dorsal fin in front of origin

Ofanalfin.........oooiiiii o 3
Dorsal fin with 12 or morerays ...............cooi sailfin molly, Poecilia latipinna
Dorsal fin with fewer than 12 vays..........o..ooooo 4
Dorsal fin rays usually 10-12; scales in lateral series usually fewer than 26 ........... variable platyfish, Xiphophorus variatus
Dorsal fin rays usually 7-9; scales in lateral series 2628 ... 5
Mature fish usually greater than 40 mm TT; males neatly equal in size to females; no red or green on body

orfins ... T shortfin molly, Poecilia mexicaria
Mature fish usually less than 40 mm TL; males much smaller than females; males usually with red or green

oncaudal fin ... guppy, Poecilia reticulata®?

Atherinopsidae, Silverside Family

la.
1b.

2a.

2b.

SLmore than 10 cmy marine ... topsmelt (adults), Atherinops affinis
SLlessthan l0em ..o T 2
Pigment spots on bottom of caudal peduncle between anal fin base and caudal fin base in 2 rows; fewer than 3 dorsal

scale rows outlined by pigment .................. inland silverside, Menidia beryllina
Pigment spots on bottom of caudal peduncle not in distinct rows; more than 3 dorsal scale rows outlined by pigment;

coastal €STUATIES ...ttt topsmelt (juveniles), Atherinops affinis

Gasterosteidae, Stickleback Family

la.
1b.

Three dorsal spines ................ooooiiii threespine stickleback, Gasterosteus aculeatus
Five dorsal spines ...............o o brook stickleback, Culea inconstans

Pholididae, Gunnel Family2+

la.
1b.

Pelvic fins present; V-shaped markings on back, marine ................. ... .. saddleback gunnel, Pholis ornata (Fig. 29A)
Pelvic fins absent; back plain, marine . .............................._. penpoint gunnel, Apodichthys flavidus (Fig. 29B)

Centrarchidae, Sunfish Family

la.
ib.
2a.
2b.
3a.

3b.

Anal fin spines 5ormore ...............o T 2
Analfin spines 3 ... 4
Dorsal fin spines 11-13; dorsal fin base muich longer than anal fin ................ Sacramento perch, Archoplites interruptus
Dorsal fin spines 5-10; dorsal and anal fin bases about equalinlength ................... 3
Dorsal fin spines 7-8; length of dorsal fin base equal to or greater than distance from origin of dorsal fin

Toeye oo black crappie, Pomoxis nigromaculatus
Dorsal fin spines 5-6; length of dorsal fin base less than distance from origin of dorsal fin

B white crappie, Pomoxis annularis

23. Guppies can be expected almost anywhere in the state where there is warm water. The presence of breeding populations in natural or
seminatural waters has not been confirmed, but substantial populations exist in some sewage treatment ponds, such as that on the cam-
pus of the University of California, Davis.

24. Gunnels are maine fish that occasionally occur in the upper reaches of coastal estuaries,
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Cetam By Figure 29. (A) Saddleback gunnel, 14 cm SL;
B L | (B) penpoint gunnel, 9 cm SL, both Navarro River,
4cm Mendocino County.
4a. Scales large, 53 or fewer in lateral series; body depth usually more than one-third SL; sunfishes® .................... 5
4b, Scales small, 58 or more in lateral series; body depth usually less than one-third SL; basses ............cooviiiinn, 9
5a. Teeth present on tongue; upper jaw (maxilla) extends beyond middle of eye ................... warmouth, Lepormis gulosus
5b. No teeth on tongue; upper jaw does not extend beyond middle ofeye ... 6
6a. Pectoral fins short and rounded, contained about 4x in SL; mouth large, upper jaw extends to middle
Of BYE et e e e green sunfish, Lepomis cyanellus
6b. Pectoral fins long and pointed, contained less than 3X in SL; mouth small, upper jaw does not reach middle of eye .. ... 7
7a. Dorsal fin with black blotch on base of last few rays; gill rakers long and slender (>2x longer than
R =) bluegill, Lepomis macrochirus
7b. Dorsal fin without black blotch; gill rakers short and stubby (about 2x longer thanwide) .................ooioint 8
8a. Rear portion of dorsal fin speckled; living adults with scarlet spot on opercular flap, and blue and orange stripes o
M CHEEK o\ttt e e pumpkinseed, Lepormis gibbosus
8b. Rear portion of dorsal fin without speckles; living adults with orange or red margin on opercular flap, and withogt .
conspicuous stripeson cheek ... ... .. redear sunfish, Lepomis microlophus
9a. SLMOre than 10 CI .. viue ittt ittt i e i st it it it e i i e 10
9b. SLless than 10 cm (YOUNG-Of-YEar) .......ouuinitiiiiee ittt eiaaas S EECETRRITRER 13 .
10a. Upper jaw extends behind eye; soft and spiny portions of dorsal fin with narrow connection, so spiny portion appears .
strongly convex; lateral stripe well developed ........... ..o largemouth bass., Mzcropter‘us salmoides
10b. Upper jaw does not extend behind eye; soft and spiny portions of dorsal fin with broad enough connection that spiny
portion appears gently rounded; lateral stripes Various .........ovvuviiiiraririi i RECERROTESRRRE 11
11a. Lateral band present; lateral line scales fewer than 67 .......... e spotted bass, Micropterus punctulatus®s
11b. Lateral band absent; lateral line scales more than 67 .. ..o v u ittt i i e ‘12
12a. Rays in rear portion of dorsal fin usually 13~15; 12-13 scale rows above lateral line . .. smallmouth bass, Micrqpterus dolomieu
12b. Rays in rear portion of dorsal fin usually 11~12; 7-10 scale rows above lateral line ........... redeye bass, Micropterus coosae
13a. Distinct lateral band of DOtChes Present . . ... v ettt i e et e e 14
13b. No distinct lateral Dand Present .. ... oottt e i e e e e 15
14a. Caudal fin without strong banding or bicolored, with dark band running along outer edge; no orange coloration
Present OIS Lo v v e it e e e largemouth bass, Micropterus salmoides
14b. Caudal fin tricolored, with black band in the middle and tips of fin pale; orange on tail usually present near caudal
PedUNCle ... e spotted bass, Micropterus punctulatus
15a. Narrow vertical bars present on sides, extending below lateral line; dorsal fin rays 11-12 ......... redeye bass, Micropterus coosae
15b. Narrow vertical bars on sides absent or indistinct; dorsal fin rays 13—-15 ............. smallmouth bass, Micropterus dolomieu

Moronidae, Temperate Bass Family

1a. Body depth less than one-third SL; head 5x longer than second anal fin spine ................. striped bass, Morone saxatilis
1b. Body depth more than one-third SL; head 3x longer than second anal fin spine ................ white bass, Morone chrysops

25. Sunfishes that seem to be intermediate in their characteristics between two species may be hybrids. Hybrids most likely to be encm{ntered
are warmouth-bluegill, green sunfish-bluegill, green sunfish-redear sunfish, bluegill-redear sunfish, and green sunfish-pumpkinseed.
The hybrids are usually dark but highly colored sterile males. '

26. Spotted bass are easily confused with largemouth bass when the jaw reaches the margin of the eye; spotted bass have regular rows of spots
below the lateral stripe, a small patch of teeth on the tongue, and small irregular scales along the bases of the dorsal and anal fins. These
characters are lacking in largemouth bass.
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Embiotocidae, Surfperch Family
la. Dorsal spines 10 or fewer; estuaries ............oouviiniireiniininninennnnnnnn.. shiner perch, Cymatogaster aggregata
1b. Dorsal spines 15 or more; fresh water . ........oovviiuneen..n.. e tule perch, Hysterocarpus traski
Percidae, Perch and Darter Family

la. Mouth small, upper jaw (maxilla) does not reach to below eye; snout overhangs

HPPEr D o bigscale logperch, Percina macrolepida
1b. Mouth large, upper jaw extends to or past eye; snout does not overhang upper ip ............. yellow perch, Perca flavescens

Cichlidae, Cichlid Family??

la. 8-12 gill rakers on lower half of first arch; lateral line scales 28-30; in adults, head wider than body;

B layer L redbelly tilapia, Tilapia zilli
1b. More than 13 gill rakers on lower half of first arch; lateral line scales 30—35; head not wider than body in adults;

mMouthbrooders .. ... o 2
2a. Mouth in breeding males enlarged, reaching eye, so top of head becomes concave; caudal fin plain; dorsal fin without

pale upper edge; dark blotches or no markings onsides ................... Mozambique tilapia, Oreochromis mossambicus
2b. Mouth in breeding males not enlarged, top of head not concave; caudal fin with irregular pigment pattern; dorsal fin

with pale upper edge; sides of adults plain but juveniles often have 7—10 vertical bars ........ Blue tilapia, Oreochromis aureus

Gobiidae, Goby Family

la. Maxillary bone usually does not extend past posterior margin of €7€ .. ........ueeeee et e s iee e, 2
1b. Maxillary bone extends past posterior margin of eye, nearly reaching opercular OPening ....oviiii i 6
, 2a. Numerous barbels around mouth .......... ... 0 i i Shokihaze goby, Tridentiger barbatus®®

2b. No barbels present around mouth ..o oot e 3
3a. Dark bands present on leading edge of dorsal fin . ... .viiuni ittt 4
3b. No dark bands on leading edge of dorsal fin ............ oottt 5
4a. First ray of pectoral fin separated from rest of fin for about half length of ray (Fig. 30); edges of ray with tiny

SETTALIONS &t v vttt ettt s e e chameleon goby, Tridentiger trigonocephalus
4b. First ray of pectoral fin separated from rest of fin only at tip; edges of ray smooth . . . ... shimofuri goby, Tridentiger bifasciatus
5a. First dorsal fin with pigmented tip and 8 spines; scales large, fewer than 50 in lateral

e yellowfin goby, Acanthogobius flavimanus
5b. First'dorsal fin with clear tip and 6-7 spines; scales tiny, more than 60 in

lateral line ... uvn i tidewater goby, Eucyclogoblus newberryi
6a. Dorsal fins widely separated; anal fin elements 9-14; second dorsal fin elements

S longjaw mudsucker, Gillichthys mirabilis
6b. Dorsal fin edges nearly touching; anal fin elements 15-18; second dorsal fin elements 14—18 . ... arrow goby, Clevelandia ios?®

Cottidae, Sculpin Family3°

la. Spine on operculum large, branched, and sharp ...............vvviinviinan... staghorn sculpin, Leptocottus armatus
1b. Spine(s) on operculum small and simple (Fig. 31) .. ..ottt et 2
28, PeIVICTAYS 3 oot e 3
2b. PeIVICTAYS 4 . oottt e 4
3a. Cirri (small soft tufts) present on head; marine ...........coovveirvinnnninn.... sharpnose sculpin, Clinocottus acuticeps®!
3b. No cirri on head; middle Pit River drainage ............ovviuiirinneeneensenennnnnnnns rough sculpin, Cottus asperrimus

27. The three species in this key are apparently the ones most widely distributed in southern California. The Nile tilapia is apparently also
present but difficult to tell from the blue and Mozambique tilapia. Hybrids among the species are common, so identification is difficult.

28. Shokihaze gobies appeared in the San Francisco Bay estuary in the 1990s in brackish water. They are uncommon (so far). Chameleon
gobies are marine (introduced) and are included because of their past confusion with shimofuri gobies.

29. The arrow goby is an occasional marine visitor to the lower reaches of coastal streams along the entire coast. It rarely reaches 5 cm SL,
whereas the longjaw mudsucker reaches 20 cm SL. .

30. Sculpins are highly variable. Keying results should be carefully checked with species descriptions and distributions.

31. Sharpnose sculpins have been collected once in fresh water in Del Norte County.
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Figure 31. Characters used for identifying sculpins.
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Figure 30. Upper part of pectoral fin in two species of Tridentiger.

PALATINE TEETH

DORSAL SPINES

AXILLARY PRICKLES

PREOPERCULAR N

SPl TS LATERAL
= //,@«//f////, LINE PORES

Long anal fin (15-18 rays) and second dorsal fin (19-23rays) ......c.ooovviiiiiii, prickly sculpin, Cottus aspesr
Short anal fin (usually <15 rays) and second dorsal fin (<20 1ays) ......covveienniiiiiiiiiiiii e ’
No axillary prickles PrESEIIl . ..o u vttt s et et e ’

Patch of tiny prickles present underneath pectoral fin (axillary prickles; Fig. 31) ......co.oooviiiiiieiiies

Dorsal fins separated; dark patch present on front of first dorsal fin; two median pores on chin; east side of

Slerra Nevada ..ttt i e e Paiute sculpin, Cottus beldingi
HerTa NEVAda . .vvvvee et e

joi ; i in; Klamath and Pit
ined; no dark patch on front of first dorsal fin; one median pore on chin; ‘
l;(:lri:ggzzls S T T marbled sculpin, Cottus klamathensis (some)
TAIAGES + v v e v eenn e en ettt
i ddle marks on back; no dark spot on first dorsal fin; coastal . .
rcl;w? CO]::ssplcuouS " T coastrange sculpin, Cottus aleuticus
TAIMAZES « + « v v vttt et e e e

Saddle marks absent or diffuse; dark spot on first dorsal fin; interior drainages ..........c.ccov it

i ted; lateral line does not reach end of caudal peduncle (incomplete); dorsal spines .
oy Coviously connecteds ey marbled sculpin, Cottus klamathensis (some)
9

ider than body behind pectoral fins ..o e 10
I\I\;I[ZE?}Z ii;ii,lﬁ;?i};v:; %han body be)ilind pectporal fins; Rogue River drainage ............ reticulate sculpin, Cottus perplexus
First dorsal fin with 8-9 spines; dorsal fins separate (may touch at base); lateral line pores usually more'than 3.2; o
palatine teeth absent; Pit River drainage ..o, RERETEEE Pit sculpin, Cottus pitensis
First dorsal fin with 7-8 spines; dorsal fins connected; lateral line pores fewer than 32; palatine teeth }Jsually . l
present (Fig. 31); Central Valley drainages . .......ooviin it riffle sculpin, Cottus gulosus

usually 7 .o s R RRREREER : o
Dorsal fins not connected or connected only at base; lateral line usually complete; dorsal spines usually 8-9 ...........

IDENTIFICATION

Lampreys, Petromyzontidae

Lampreys are specialized aquatic vertebrates, eel-like in
form but lacking the jaws and paired fins of true fishes. They
are distantly allied to the long-extinct ostracoderms, among
the earliest known vertebrates, which were heavily armored
creatures that sucked organic ooze from ocean, lake, and
river bottoms (Moyle and Cech 2000). Like these ancient
jawless fishes, lampreys have a persistent notochord, a car-
tilaginous skeleton, a single nostril, a small brain, and two
semicircular canals in each side of the head, rather than the
usual three.

Survival of lampreys into modern times has depended
on their ability to prey on the jawed fishes that replaced their
ancestors. An adult lamprey will latch onto the side of a
large fish with its suckerlike mouth and rasp a hole with its
powerful tongue, which is covered with sharp, horny plates
(“teeth”). The feeding lamprey extracts blood and body
fluids from fish and drops off when satiated. Although the
gaping wound left by the lamprey may be fatal, many fish do
survive lamprey attacks. It is not unusual to find fish with
two or more lamprey scars. Under normal conditions lam-
prey and their prey coexist successfully; lampreys maintain
their populations without destroying those of their prey.
However, when sea lampreys (Petromyzon marinus) in-
vaded the Great Lakes, they nearly succeeded in wiping out
the large fishes, presumably because the fish were not
adapted to their style of predation.

The predatory portion of the lamprey life cycle is usually
short (6-19 months) compared with the portion spent as
larvae (ammocoetes) in streams (3—7 years). Generally,
adults migrate upstream from a large body of water into a
tributary stream to spawn. They build a nest in a gravel-
bottomed area, spawn, and usually die. The embryos hatch
and the ammocoetes are carried downstream to mud- or
sand-bottomed backwaters and stream edges. They burrow
into the bottom and spend the next few years growing on a

diet of detritus and algae. The role of ammocoetes in the
ecology of streams remains largely unstudied, although they
are often found in the stomachs of predatory fishes.

One of the most fascinating aspects of lamprey biology
is the frequent evolution of nonpredatory species from
predatory ones. The nonpredatory species are generally
small as adults, and their rasping plates are reduced in size
and number. The larval portion of their life cycle is like that
of the predatory forms except that it tends to last longer, and
theammocoetes thus tend to grow larger (Hardisty and Pot-
ter 1971). The adults, however, do not migrate after meta-
morphosis but remain in their home streams, where they
spawn and die without feeding. The nonpredatory adult
stage allows lampreys to live in small streams, where few
large fishes are present for food or where distances to large
bodies of water are great. Both predatory and nonpredatory
lampreys are common in California, but their taxonomy is
complex. Most nonpredatory lampreys on the Pacific coast
are derived from river lamprey, which are small in size and
capable of living in freshwater as adults. However, in the up-
per Klamath drainage there is a taxonomically difficult
group of predatory and nonpredatory lampreys that are all
derived from Pacific lamprey. Pacific lamprey normally re-
quires a period in salt water to complete its life history, but
freshwater populations are known (Beamish 1980).

Classification and identification of lampreys depend
largely on the number, structure, and position of the horny
plates (usually labeled teeth or laminae) on the sucking disc.
The plates are named according to their position (anterior,
posterior, or lateral) in the three concentric circles that can
be visualized on the disc (Fig. 32). They are described in de-
tail by Vladykov and Follett (1962) and Hubbs and Potter
(1971). Lamprey identification, particularly of small adults,
should be performed with care. Ammocoetes can be identi-
fied with the aid of Richards et al. (1982) and Wang (1986).
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Figure 32. Pacific lamprey. Top: Ammocoete, 12 cm TL, San Joaquin River, Fresno .Com}ty.
Middle: Dwarf form, 24 ¢m TL, Clear Lake Reservoir, Modoc County. Bottom: Sucking disc,

Pacific Lamprey, Lampetra tridentata (Gairdner)

Identification Any large (>40 cm TL) adult lamprey in Cal-
ifornia belongs to this species. However, dwarf (15-30 cm
TL) landlocked populations also exist, and these should not
be mistaken for recently transformed, silvery individuals of
anadromous populations. Sharp, horny plates (teeth) are

‘present in all areas of the sucking disc, more than in any

other California lamprey (4). The most distinctive plate is
the crescent-shaped supraoral lamina with three sharp
cusps, the middle cusp smaller than the two lateral cusps.
There are also four large, inner lateral plates on each side.
The middle two are tricuspid, the outer two bicuspid (for-
mula 2-3-3-2). The tongue ends in 14-21 small points
(transverse lingual lamina), the middle one slightly larger
than the others. The two dorsal fins are slightly separated.
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adult, after Vladykov and Follett (1962).

The second dorsal is continuous with the caudal fin. Adults
have 62-71 body segments (myomeres). The horizontal di-
ameter of the eye is 2—4 percent of the total length, and the
length of the oral disc is usually 6-8 percent of the total
length. The dorsal fins are higher in males than in females,
and males lack an anal fin, which is conspicuous in fe-
males. Males also possess small genital papillae. Ammocoetes
have 68-70 segments between the anus and the last gill
opening (15). The body and lower half of the oral hood are
usually dark and well pigmented, although there is typically
a pale area associated with a ridge in the caudal region.

Spawning adults are typically dark (usually a greenish-
black color) on top but paler on the belly, frequently a
golden color. Newly metamorphosed individuals are silvery
in color. Adults in Goose Lake are a shiny bronze color.

Taxonomy Pacific lampreys have given rise to landlocked
populations throughout their range, despite the difficulties
adults have in living in fresh water (1). A number of these
populations have been described as separate species, some
predatory (e.g., L. similis, L. minima), some nonpredatory
(e.g., L. lethophaga). There is often considerable overlap in
characters among the Pacific lamprey and its derivatives, as
well as between predatory and nonpredatory forms, so the
interrelationships among the species require close exami-.
nation, especially in the upper Klamath basin (2, 3, 29).
Studies using mitochondrial DNA show promise in resolv-
ing the issues (27). A particular problem is the taxonomic
status of the dwarf predatory lamprey inhabiting the iso-
lated waters of Goose Lake, first noted by Carl Hubbs in
1925 (17). Studies by C. Bond (unpublished) indicate that
the Goose Lake lamprey represents a distinct taxon. Given
its long isolation from other Pacific lamprey populations, as
well as its distinctive appearance and ecology, it is quite
likely that the Goose Lake lamprey deserves recognition as
a full species. Molecular studies also suggest that this lam-
prey is distinct from lampreys in the Klamath River (25).
Itis possible that Pacific lampreys within one stream sys-
tem have more than one run (22) or that some upstream

populations have individuals that remain resident, rather
than going to sea, much like rainbow trout. In the Trinity
River, for example, there may be two distinct forms of
Pacific lamprey, one smaller and paler than the other, that
represent either separate runs or resident versus migratory
individuals (26). :

The Pacificlamprey was formerly placed in the genus En-
tosphenits, now recognized as a subgenus that includes the
Pacific lamprey and its nonpredatory derivatives. However,
studies of mitochondrial DNA indicate that the genus
should probably be resurrected for the group that includes
Pacific lamprey, Pit-Klamath brook lamprey, and Klamath
River lamprey (27). If this designation is adopted, river lam-
prey, western brook lamprey, and Kern brook lamprey
would remain in the genus Lampetra.

Names Lampetrais apparently derived from the Latin words
lambere, to suck, and petra, stone, although the Oxford Eng-
lish Dictionary indicates that it may just be an “etymologiz-
ing perversion” of the word lamprey, of uncertain origin. The
words refer to the lamprey habit of clinging to stones in
streams with their suckerlike mouths. Tridentatus (three-
toothed) is a reference to the structure of the supraoral lam-
inae. Lampreys are frequently called eels by fishermen, and
large runs of lampreys are responsible for the name Eel River.

Distribution Pacific lampreys are found in Pacific coast
streams from Hokkaido Island, Japan (16), through Alaska,
and down to Rio Santo Domingo in Baja California (18).
Malibu Creek, Los Angeles County, seems to be the southern-

most point of regular occurrence in California, despite -

some records from the Santa Ana River (5) and a single am-
mocoete taken from the San Luis Rey River (San Diego
County) in 1997 (28). However, there are also recent records
from Rio Santo Domingo, Baja California (18). In general,
lampreys today have a scattered or disjunct distribution
south of San Luis Obispo County (5), although there are
regular runs in the Santa Clara River (19). In the ocean they
have been captured from waters near Japan to Baja Califor-
nia (6, 7). Dwarf, landlocked forms have been identified
from the upper Klamath River (4, 8) and from Goose Lake,
Modoc County; these forms may be separate species. A re-
cently (1963) landlocked population exists in Clair Engle
Reservoir on the Trinity River, Trinity County.

Life History Pacific lampreys, with the exception of land-
locked populations, spend the predatory phase of their life
in the ocean. They attack a wide variety of fishes, including
various salmon and flatfishes (9). In British Columbia
14-45 percent of salmon in different runs had scars from
lamprey attacks (9), but similar data are not available from
California. Lampreys themselves are often observed with
parts of their tails missing, indicating that they are prey for

other fishes, especially sharks. In the mouth of the Rogue
River, Oregon, sea lions consume migrating lampreys in
large numbers (10). Despite far-flung oceanic records, it is
unlikely that Pacific lampreys normally wander far from the
mouths of their home spawning streams, because their prey
is most abundant in estuaries and other coastal areas. The
oceanic phase apparently lasts 3—4 years in British Colum-
bia (9), but it may be shorter in more southern waters.
Landlocked forms spend the predatory phase (of unknown
duration) in lakes or reservoirs, feeding on suckers and
other large fishes (11). In Goose Lake the major prey seems
to be tui chubs, although redband trout were presumably
once important prey as well (17). ‘

Adults, 30-76 cm TL, usually move up into spawning
streams between early March and late June. However, up-
stream movements in January and February have also been
observed (19, 21), and movements into July have been ob-
served in northern streams. In the Trinity River some mi-
gration has also taken place in August and September (12).
It is quite possible that Pacific lamprey in large river sys-
tems, such as the Klamath and Eel, have a number of dis-
tinct runs, like salmon. One indication is that many lam-
preys migrate upstream several months to a year before they
spawn (9, 19), hiding under stones and logs until fully ma-
ture. In the Klamath River there may be at least two distinct
runs: a spring run that spawns immediately after the up-
stream migration and a fall run, which holds over and
spawns in the following spring (22).

Most upstream movement takes place at night and tends
to occur in surges, although small numbers may move up-
stream more or less continuously over a two- to four-month
period. In the Santa Clara River (Ventura County) first
movement occurs after winter rains breach the sand bar
blocking the lagoon at the mouth in January, February, or
March; within 6-14 days, the first lampreys reach a fish lad-
der 16.8 km upstream (19). Although lampreys typically
move upstream during periods of high flow, they will mi-
grate under a wide range of flows—25 to 1,700 m*/min—
in the Santa Clara River (19). Lampreys can move consid-
erable distances, stopped only by major barriers, such as Fri-
ant Dam on the San Joaquin River and Scott Dam on the Eel
River. How far upstream lampreys originally migrated in
California is not known, but I have observed them spawn-
ing in Deer Creek (Tehama County), about 440 km from
salt water. Presumably migrations of 500-600 km were once
not unusual.

The remarkable ability of Pacific lampreys to surmount
less formidable barriers is described by Kimsey and Fisk
(20, p. 6):

Great wriggling masses of lampreys are often seen as-
cending barriers and fish ladders on coastal streams in the
early spring. . .. In many cases the flow is too great for the

PACIFIC LAMPREY 97



fish to move across the barrier in one attempt. They solve
the problem by swimming until tired, then attaching
themselves to the bottom and sides and resting for a while.
When recovered, they make another attempt and move
upstream several more feet. In this manner, by successive
spurts and resting periods, they move over various ob-
structions until they reach their spawning grounds.

Both sexes help construct a crude nest, 35-60 cm in di-
ameter, by removing the larger stones from a gravelly area
where current is fairly swift and depths are 30-150 cm. Wa-
ter temperatures are typically 12-18°C. On 10 April 1991, 1
observed lampreys spawning in a rocky riffle of the lower
American River; the mean depth of 34 nests was 59 cm
(range, 30-82 cm), and the mean water column velocity
over nests was 64 cm/sec (range, 24-84 cm/sec). Another
lamprey nest was observed among silt-covered cobbles in a
backwater, where the mean water column velocity was only
11 cm/sec (depth 44 cm). In Putah Creek, on 5 May 1999,
the mean depth of 26 nests on a gravelly road crossing was
50 cm (range, 36—73 cm), and mean water column velocity
was 29 cm/sec (range, 17-45 cm/sec). In Deer Creek I ob-
served nest construction at depths up to 1.5 m. To remove
a stone during nest construction, the lamprey latches on to
the downstream side and swings vigorously in reverse.
Sometimes, two will pull simultaneously on the same stone.
Usually the combination of lamprey pulling and current
pushing is enough to move the rock downstream. The final
result is a shallow depression with a pile of stones at the
downstream end.

For the spawning act, the female attaches to a rock on the
upstream edge of the nest, while the male attaches himself
to the head of the female, wrapping his body around hers.
Occasionally, they may both attach to rocks, but remain side
by side (15). Both lampreys then vibrate rapidly, and a small
white cloud of eggs and milt is released. The fertilized eggs
are washed into the gravel, especially at the downstream end
of the nest, where they adhere to the rocks. After spawning
the lampreys loosen rocks from above the nest, causing silt,
sand, and gravel to cover the eggs. Spawning is repeated on
the same nest a number of times until both sexes are spent.
Because several pairs often spawn in the same area, males
may mate with more than one female (15). Usually, both
sexes die shortly thereafter. However, some adults were
found to survive and spawn again a year later (at a larger
size) in Washington streams (24). The presence of live adult
lampreys in downstream migrant traps on the Santa Clara
River (19) suggests that repeat spawning also occurs in Cal-
ifornia. If the fecundity of Pacific lampreys is similar to that
of eastern sea lampreys, each female, depending on her size,
lays 20,000-200,000 eggs.

The embryos hatch in about 19 days at 15°C, After hatch-
ing ammocoetes spend a short time in the nest gravel. Even-
tually they swim up into the current and are washed down-
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stream to a suitable area of soft sand or mud. Ammocoetes
burrow tail first into the sand or mud and begin lives as filter
feeders, sucking organic matter and algae off the substrate
surface. They do not stay in one area for their entire growth
period. Active ammocoetes can be trapped at almost any
time of the year (12, 13). In the Trinity River ammocoetes of
sizes down to 16 mm colonized areas from which they had
been eradicated during the winter high-water period (12).
Most movement takes place at night. The length of the am-
mocoete stage is uncertain, but it probably lasts 5-7 years.
Ammocoetes reach 14-16 cm TL when they start the dra-
matic metamorphosis from reclusive, detritus-feeding lar-
vae to active, predatory adults. They develop large eyes, a
sucking disc, silver sides, and dark blue backs; they also
demonstrate radical changes in internal anatomy (7). There
are dramatic changes in physiology, such as development of
the ability to tolerate abrupt transfer into sea water, which is
lethal to ammocoetes (23). Downstream migration begins
when transformation is completed, seemingly during high-
outflow events in winter and spring, perhaps coincident with
the upstream migration of the adults.

Status ID (anadromous form). IC. (Goose Lake form).
Anadromous Pacific lampreys are still present in most of
their native areas, but large runs that once characterized
streams such as the Eel River seem to have largely dis-
appeared. Certainly the once-common “great wriggling
masses” are rarely seen. Unfortunately, little attention has
been paid to lampreys, and there is only anecdotal evidence
(mainly from Native American fishermen) that runs in
North Coast streams are much smaller than they used to be.
They have been eliminated from many streams in the ur-
banized southern end of their range, but they are remark-
ably persistent, as indicated by the continuing runs up the
Santa Clara River (19), which has relatively undisturbed
upper reaches. In Putah Creek (Yolo and Solano Counties)
they managed to maintain small runs following construc-
tion of the Solano Project, which dried up much of the

lower creek. Pacific lamprey are usually absent from highly

altered or polluted streams. In October 1979 Wang (15) col-
lected lampreys from the Napa River that were “intoxicated”
with wine spilled into the river! Presumably other pollu-
tants have had worse effects.

Despite their predaceous habits, they seem to have little
effect on fish populations and are at times themselves im-
portant prey of sea lions. Lampreys were highly esteerned as
food by a number of Native American tribes in California
(14) and are still considered a delicacy in some European
countries. There is a major need to examine the status of the
species throughout its range, as well as to study its biology
to see, for example, if multiple runs exist in some rivers, like
those of chinook salmon and steelhead, or if landlocked
strains are present in larger river systems.

Populations of the Goose Lake lamprey should be moni-
tored because Goose Lake is susceptible to drying during pe-
riods of drought and because its tributary streams are all al-
tered and diverted. Fortunately, small populations persist in
at least one reservoir in the drainage (25). It is of major im-
portance to develop an understanding of the taxonomy and
life history requirements of this form for conservation pur-
poses. Likewise, the landlocked “Pacific” lampreys of the up-
per Klamath drainage must be both studied and monitored,
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pers. comm. 1999. 26. T. Healey, CDFG, pers. comm. 1995,
27. Docker et al. 1999. 28. C. Swift, pers. comm. 1999. 29. Lorion
et al. 2000.

Pit-Klamath Brook Lamprey,
Lampetra lethophaga Hubbs

ldentification This is a small (<21 ¢cm TL), nonpredatory
lamprey (1). Their disc resembles that of Pacific lamprey,
but the plates (teeth) are smaller and fewer, The lateral cir-
cumoral plates typically number 1-2-2-1 or 2-3-3-2, but
cusps are frequently missing. The posterior circumoral
plates number 9-15, many with just one cusp. The supra-
oral plate has 3 cusps, although the middle one may be de-
generate or missing. Infraoral teeth are usually 5. The cusps
on the transverse lingual lamina are filelike and difficult to
see. The mouth is small and puckered, with disc length less
than 5 percent of total length. When the disc is expanded, it
is narrower than the head (3). Trunk myomeres number
60~70. The gut is atrophied in mature specimens. Adults
tend to be dark gray on top but brass to bronze ventrally.

Taxonomy This nonpredatory species was described by
Hubbs (1) from specimens collected in scattered localities
in two drainages, the Pit and the Klamath. It is closely re-
lated to the Pacific lamprey (4). Populations in the two

drainages, however, may have been independently derived
from a predatory member of the Pacific lamprey complex
and thus may represent separate taxa. A form from the Kla-
math River was described as a species, L. folletti (5), but the
species has not been widely recognized (6). Technically, L.
folletti should continue to be recognized as a species until its
designation has been formally refuted in a thorough analy-
sis. C. Bond (8) indicated that brook lampreys in the Goose
Lake drainage differ from those in the Pit River drainage
and may deserve separate taxonomic recognition. The Pit-
Klamath brook lamprey may have given rise to the preda-
tory dwarf Miller Lake lamprey (L. minima) of the Klamath
basin (7).

Names “The name lethophaga, figuratively referring to the
elimination of feeding as adults, is formed by combining the
Latinized expression leth . . . a forgetting or forgetfulness . ..
[and] phag-, to eat” (1, p. 151). Other names are as for the
Pacific lamprey, -

Distribution The Pit-Klamath brook lamprey is limited to
the Pit River system in northeastern California and the up-
per Klamath River of south-central Oregon, above the Kla-
math lakes (1, 2). In Oregon the only recorded populations
seem to be in Crooked Creek, a tributary to Agency Lake,
and the Sprague River system, a tributary to the Williamson
River. However, distributional records should be treated
with a certain amount of skepticism until the taxonomy of
Klamath-region lampreys has been worked out.

Life History The principal habitats of this species are in low-
gradient reaches of clear, cool (summer temperatures rarely
reach 25°C) rivers and streams with sand-mud bottoms or
edges. Trout are frequently in the same waters, as are marbled
and rough sculpins and speckled dace. The ammocoetes bur-
row into soft bottoms, often among aquatic plants (2), where
they presumably feed on algae and detritus. The time spent
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as ammocoetes seens to be at least 4 years, based on an analy-
sis of size classes. Maximum size is about 21 cm.
Metamorphosis probably takes place in autumn, Spawn-
ing does not begin until early spring but may occur anytime
during summer. Some populations, although transforming
into the adult form, do not develop nuptial features charac-
teristic of “normal” spawners: dark, contrasting coloration of
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Figure 33. Pit-Klamath brook lamprey adult and disc, Ash Creek, Modoc County.

back and belly; united, thick, and frilled dorsal fins; and eﬁ-
larged anal fin.

Status IE. The Pit-Klamath brook lamprey is widely dis-
tributed in at least the Pit River watershed and seems to be
in no danger. Some human changes in streams may actually
benefit them; in Rush Creek, Modoc County, large numbers
of ammocoetes were found in a silty-bottomed pool imme-
diately below a channelized section, They were also com-
mon in muddy-bottomed irrigation diversions from the
creek.

References 1. Hubbs 1971. 2. Moyle and Daniels 1982. 3. Page
and Burr 1991. 4. Docker et al. 1999. 5. Vladykov and Kott 1976b.
6. Robins et al. 1991. 7. Lorion et al. 2000. 8. C. Bond, pers. comm.,

Klamath River Lamprey,
Lampetra similis (Vladykov and Kott)

Description The Klamath River lamprey is a small (14-27
cm TL, mean 21 cm) predatory lamprey with strong,
sharply hooked cusps on the oral plates (2). Like the Pacific
lamprey, it has 3 strong cusps on the supraoral plate. It has
13 teeth in the anterior field above the mouth, 4 inner lat-
eral plates on each side with the typical cusp formula of 2-
3-3-2,20-29 cusps on the transverse lingual lamina (tongue
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plate), and 18 teeth in the posterior field below the mouth.
There are 8 velar tentacles. Trunk myomeres number 58-65
(usually 60-63). The disc length is about 9 percent of the to-
tal length, and the disc is as wide or wider than the head. The
horizontal diameter of the eye is about 2 percent of total
length. Coloration is similar to that of the Pacific lamprey,
although this lamprey is often more heavily pigmented.
Ammocoetes have not been described.

Taxonomy Five species of lamprey have been described from
the upper Klamath basin: L. tridentata (dwarf Pacific lam-
prey), L. lethophaga (Pit-Klamath brook lamprey), L. minima
(Miller Lake lamprey), L. folletti (Modoc brook lamprey), and
L. similis. The dwarf, landlocked Pacific lamprey is the pre-
sumptive ancestor of the others. The Pit-Klamath brook lam-
prey seems to be generally accepted as the standard non-
predatory lamprey of the upper Klamath and Pit River
drainages, and the Miller Lake lamprey is accepted as an un-
usually small predatory species. The other forms are more
controversial. The Modoc brook lamprey was described as a
nonpredatory species (1) but has not been widely accepted as
distinct (4, 5,6). In contrast, the Klamath River lamprey is dis-
tinct not only morphologically but also biochemically (4, 7).

Iem

Names The name similis comes from the close resemblance
of this species to dwarf Pacific lamprey. Other names are as
for the Pacific lamprey.

Distribution This species was described from the upper
Klamath River and Upper Klamath Lake in southern Ore-
gon. However, it appears to be widespread in the lower Kla-
math and Trinity Rivers and tributaries (8). The predatory
lamprey population in Copco Reservoir, Siskiyou County, is
presumably this species (3). Lamprey ammocoetes identi-
fied as L. similis have been collected from the Merced River
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Figure 34. Klamath River lamprey adult and disc, 16.7 cm TL, Seiad Creek, Siskiyou County.

in the Central Valley, but their biochemical similarity to L.
tridentata (4) suggests they are not L. similis.

Life History There is no specific information on the biology
of this species, although adults seem to live in the Klamath ,
River itself, as well as in lakes and reservoirs, where they prey

on the native suckers and cyprinids.

Status ID. This designation is based on their limited range
in rivers that have been severely modified by dams, diver-
sions, and pollution. There is a real need for regular, Sys-
tematic surveys of the upper Klamath basin for lampreys
and other native fishes, to determine their status more ac-
curately. A particular need for this species is to determine
the habitat required for spawning and for ammocoetes.

References 1. Vladykov and Kott 1976b. 2, Vladykov and Kott
1979. 3. Coots 1955. 4. Docker et al. 1999, 5. Robins et al. 1991,
6. C. Bond and T. Kan, unpubl. ms. 1991. 7. Lorion et al. 2000. 8.
J. Boyce, Humboldt State University, pers. comm. 2001.

River Lamprey, Lampetra ayresi (Gunther)

ldentification The river lamprey is small (average TL of
spawning adults about 17 cm) and predaceous, with an oral
disc generally at least as wide as the head. The horny plates

(teeth) of the oral disc are well developed (1, 2) but become
progressively blunter in spawning individuals. The middle
cusp of the transverse lingual lamina is well developed.
There are 3 large lateral plates (circumorals) on each side,
the outer 2 bicuspid, the middle one tricuspid. The supra-
oral plate has only 2 cusps that often appear as separate
teeth, whereas the infraoral plate has 7-10 cusps. The eye is
large compared with that of other California lampreys, the
diameter being 1-1.5 times the distance from the posterior
edge of the eye to the anterior edge of the first branchial
opening. The number of trunk myomeres is high, averaging
68 in adults, 67 (range, 65~70) in ammocoetes. Adult river
lampreys are dark on the back and sides, silvery to yellow on
the belly. The tail is darkly pigmented. As they become sex-
ually mature, the gut degenerates and the two dorsal fins
grow closer together, eventually joining, Ammocoetes can
be recognized by their pale heads (especially around the gill
openings), a prominent line behind the eye spot, and a tail
with a lightly pigmented center (3).
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Taxonomy In 1855, William O. Ayres described the river
lamprey as Petromyzon plumbeus from a single specimen
collected in San Francisco Bay. Unfortunately, that name
had already been given to a European lamprey. So in 1870
A. Gunther renamed it P. gyresi. In 1911 C. T. Regan decided
this species and the European river lamprey, Lampetra flu-
viatilis, were identical. This diagnosis was accepted until
1958, when careful redescription of the river lamprey by V.
D. Vladykov and W. 1. Follett showed that it is indeed a dis-
tinct species, L. ayresi (1).

Names Ayresiis after William O. Ayres, who first recognized
it as a species. Ayres was a San Francisco physician who was
the first to describe a number of California’s freshwater
fishes. Other names are as for the Pacific lamprey.

Distribution River lampreys have been collected from large
coastal streams from 20 km north of Juneau, Alaska, to San
Francisco Bay (1, 2). In California most records are for the
lower Sacramento—San Joaquin River system, but they have
not really been looked for in most other streams. They are
present in the Napa River, Sonoma Creek, and Alameda
Creek, tributaries to San Francisco Bay (11), and in the
lower Sacramento and San Joaquin Rivers, especially the
Stanislaus and Tuolumne Rivers. A number are captured
every year in the fish rescue facilities in the south Delta.
They also appear to be regular spawners in Salmon Creek
and in tributaries to the lower Russian River (Sonoma
County) (12). In the Eel River a single adult female was col-
lected at Cape Horn Dam. Outside California, they also ap-
parently exist as widely scattered, isolated populations. In
Oregon they are known only from the Columbia and
Yaquina Rivers (separated by 182 km) (4). Likewise, they are
known only from two large river systems in British Colum-
bia, in the center of their range (10).

Life History The biology of river lampreys has not been
studied in California, so information in this account is
based on studies in British Columbia (5, 6), where the tim-
ing of life history events may not be the same owing to
colder water or other factors.

Ammocoetes begin transformation into adults at about
12 em TL, during summer. The process of metamorphosis
takes 9—10 months, the longest known for any lamprey (6).
Lampreys in final stages congregate immediately upriver
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Figure 35. River lamprey. Adult,
unknown locality, from Lee et al.
WP (1980).

from salt water and enter the ocean in late spring. Adults ap-
parently spend only 3—-4 months in salt water, where they
grow rapidly to 25-31 cm TL.

River lampreys feed on a variety of fishes that are 10-30
cm TL, but most commonly herring and salmon (5, 7, 8).
Unlike other lampreys in California, river lampreys typi-
cally attach to the back of the host fish, above the lateral line,
where they feed on muscle tissue. Feeding continues even
after the death of the prey. The effect of river lamprey pre-
dation on prey populations can be significant; in Canada, it
is considered to be a'major source of salmon mortality (8).
River lampreys can apparently feed in fresh water, and a
landlocked population may exist in upper Sonoma Creek,
Sonoma County (9).

Adults migrate back into fresh water in autumn. The ex-
tent and timing of migrations in California are poorly
known, although a mature adult found at Cape Horn Dam
(25 May 1992) on the Eel River must have moved at least
250 km upstream. They spawn during February through
May in tributary streams. While maturing, river lampreys
shrink about 20 percent in length (5). They dig saucer-
shaped depressions in gravelly riffles for spawning. Fecun-
dity estimates from two females from Cache Creek (Yolo
County) were 37,300 eggs (17.5 cm TL) and 11,400 eggs (23
cm TL) (1). Adults die after spawning. Ammocoetes remain
in silty backwaters and eddies to feed on algae and micro-
organisms. The length of the ammocoete stage is not known,
but it is probably 35 years, so total life span is likely to be
6—7 years.

River lampreys are capable of hybridizing with western
brook lampreys under artificial conditions, but hybrids
have not been observed in the wild. Apparently, a major bar-
rier to hybridization is the slightly larger size of river lam-

preys (10).

Status ID. Trends in populations of river lamprey are un-
known for the southern end of its range, but it is likely that
the species has declined, along with the decline of suitable
spawning and rearing habitat in the lower reaches of larger
rivers. However, river lamprey are easy to overlook, so the
species may be more abundant than indicated. It is abun-
dant in British Columbia, but there are relatively few
records from California. Its distribution, abundance, life
history, and habitat requirements should be investigated in
California.

References 1.Vladykovand Follett 1958. 2. Wydoski and Whit-
ney 1979. 3. Richards et al. 1982. 4. C. Bond, Oregon State Uni-
versity, pers. comm. 5. Beamish 1980. 6. Beamish and Youson

1987.7. Roos et al. 1973. 8. Beamish and Neville 1995, 9. Wang
1986. 10. Beamish and Neville 1992. 11. R. Leidy, USEPA, pers.
comm, 1999. 12. M. Fawcett, pers. comm., 1998,
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Kern Brook Lamprey,
Lampetra hubbsi (Vladykov and Kott)

Description The Kern brook lamprey is nonpredatory, with
poorly developed plates (teeth) on its oral disc. Adults are
8-14 cm TL, ammocoetes 11-15 cm. The number of trunk
myomeres is 51-57 (1, 2) with a mean of 54. The supraoral
plate typically has 2 cusps. Between 3 and 4 (usually 4) lat-
eral teeth are visible on each side of the disc, each with a sin-
gle cusp (1). The disc is narrower than the head. The sides
and dorsal region are gray-brown, and the ventral area is
white. The dorsal {ins are unpigmented, but there is some
black pigmentation restricted to the area around the noto-
chord in the caudal fin.

4cm

Figure 36. Kern brook lamprey adult and disc, 11.7 cm TL, Merced River, Merced County. -

Taxonomy This brook lamprey was thought to be derived
from the Pacific lamprey, based on its dentition (1). Bio-
chemical evidence, however, indicates that it is most closely
related to the river lamprey, as are most other brook lam-
preys (4).

Names Hubbsi is after Carl L. Hubbs, one of the great
ichthyologists of the 20th century, and the description is
published in a festschrift volume in his honor (1). Other
names are as for the Pacific lamprey.

Distribution This species is endemic to the east side of the
San Joaquin Valley. Kern brook lampreys were first collected
from the Friant-Kern Canal but have since been found in
the lower Merced, Kaweah, Kings, and San Joaquin Rivers
(2). Ammocoetes found in the San Joaquin River between
Millerton Reservoir and Kerckoff Dam probably also belong
to this species (3), as do those collected in the Kings River
above Pine Flat Dam (Fresno County). In 1988 ammocoetes
and adults were collected from the siphons of the Friant-
Kern canal when they were poisoned as part of an effort to
eradicate white bass from the system.

Life History Principal habitats of the Kern brook lamprey
are silty backwaters of rivers emerging from the Sierra
foothills (mean elevation 135 m, range 30327 m). Ammo-
coetes are usually in shallow pools and along edges of runs
where flows are slight. They favor substrates that are a mix-
ture of sand and mud at depths of 30110 cm, where sum-
mer temperatures rarely exceed 25°C (2). This habitat also
characterizes the lightless siphons of the Friant-Kern Canal,
where ammocoetes are abundant at times. Presumably
siphon populations do not contribute to the survival of the
species, because adults derived from them wind up in the
aqueduct itself. Adults in natural environments seek riffles
with gravel for spawning and rubble for cover.
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Judging from the times at which adults are collected, this
lamprey undergoes metamorphosis in fall and spawns in
spring, dying after spawning. Other aspects of its life history
are not known but are presumably similar to those of the
western brook lamprey.

Status IC. Relatively few unequivocal collections of this
species have been made since it was first discovered in 1976.
This is because most collections are of ammocoetes that
cannot be reliably distinguished from those of the western
brook lamprey. Probable populations are thinly scattered
throughout the San Joaquin drainage and isolated from one
another (2). This fragmented distribution makes local ex-
tirpations likely, without hope of recolonization, followed
by eventual extinction. The probability of local extirpation

is increased by the fact that all known populations but one
are below dams, where stream flows are regulated without
regard to the needs of lampreys and where fluctuations or
sudden drops in flow may isolate or desiccate ammocoetes.
Channelization or other work on the banks may eliminate
backwater areas required by ammocoetes. Gravel beds
needed for spawning may be eliminated or compacted, so
they cannot be used by adults. Ammocoetes may also be car-
ried to “sink” habitats such as the Friant-Kern siphons.
Clearly, if this species is going to persist, flows and habitats
of lower reaches of rivers of the San Joaquin drainage
should be managed so as to consider its needs.

References 1. Vladykov and Kott 1976a. 2. Brown and Moyle
1993. 3. Wang 1986. 4. Docker et al. 1999.

Western Brook Lamprey,
Lampetra richardsoni Vladykov and Follett

Identification Western brook lampreys are small (up to 18
cm TL) and nonpredaceous. Tooth plates on the oral disc
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Figure 37. Western brook lamprey adult and disc,
17 ecm TL, after Vladykov (1973).

are poorly developed, and plates on the anterior field may
be missing from spawning adults. The supraoral plate is
broad, with a cusp at each end but none in the middle. There
are 7—10 toothlike cusps on the infraoral plate (6-9 in Cal-
ifornia populations) and 3 circumoral plates on each side of
the mouth, the middle one with 2~3 cusps. The cusps on the
transverse lingual lamina are too small and irregular to
count. Disc length is less than 6 percent of total length, and
the disc is narrower than the head. There are 5267 my-
omeres (52-58 in California populations) in the trunk of
mature lampreys as well as ammocoetes. The coloration is
dark on the back and sides and yellow to white on the belly.
Ammocoetes can be distinguished by their darkly pig-
mented tails and extensive pigmentation on the head and
above the gill openings (4).

Taxonomy The western brook lamprey was separated from
the European brook lamprey, L. planeri, in 1965 (1). Popu-
lations in Oregon and California were subsequently de-
scribed as L. pacifica (2). 1 follow Bond and Kan (3) and
Robins et al. (11) in not recognizing L. pacifica and await a
more complete study of brook lamprey systematics for
definitive assignment. Bond (5) found that differences in

myomere counts thought to distinguish L. pacifica and L.
richardsoni ceased being definitive when populations were
examined from the entire range of both types. Even L.
richardsoni may not fit standard species definitions well be-
cause it is derived from the anadromous river lamprey, to
which it is very similar biochemically (17). The presence of
brook lampreys in coastal streams most likely represents
many independent evolutionary events, rather than a single
separation from river lampreys followed by dispersal of the
nonpredatory form. Neither adults nor larvae of brook lam-
prey seem capable of entering salt water or of long-distance
movement, although Beamish (12) has recorded at least one
population that contains both predatory and nonpredatory
adults, the predatory form capable of moving to the sea.
This situation may be equivalent to that of threespine stick-
leback and rainbow trout, with repeated speciation of resi-
dent freshwater forms from anadromous forms. Brook and
river Jampreys will hybridize in the laboratory, but hybrids
have never been observed in the wild (14).

Names Richardsoni refers to J. Richardson, a naturalist in
the employ of the Hudson Bay Company, who wrote the
first extensive account of the fish fauna of the Pacific

‘Northwest in Volume 3 of his Fauna Boreali-Americana

(1836). Other names are as for the Pacific lamprey.

Distribution Western brook lampreys are known from
coastal streams from southeastern Alaska south to Califor-
nia, with major inland distributions in the Columbia and
Sacramento—San Joaquin drainages (2, 9). In California
populations have been identified mainly from the Sacra-
mento drainage, including remote areas such as Kelsey
Creek above Clear Lake (Lake County) (20). However, they
are present above Pillsbury Reservoir in the Eel River (Men-
docino County) (18) and in Mark West Creek (Sonoma
County), a tributary to the Russian River (15). Spawning
adults were collected in the Navarro River (Mendocino
County) in 1999 (19). Ammocoetes collected from streams
in the Los Angeles River basin may also be of this species
(16, 21), although this population is now extirpated (6). It
is likely that they occur in many streams along the Califor-
nia coast, especially in large rivers or their tributaries.

Life History Because western brook lampreys are difficult to
collect and easy to overlook, little work has been done on

their biology in California. Except for an early study by
Hubbs (13), most information comes from studies in Wash-
ington (7, 8). Ammocoetes are most abundant in back-
waters and pools of streams where silt and sand are mixed
and populations can be as dense as 170 per square meter (7).
Ammocoetes live 4-5 years in British Columbia and 3—4
years in Washington and California (7, 10, 13). Fastest
growth and largest size (13-18 cm) are achieved in Califor-
nia (7) on a diet of algae (especially diatoms) and organic
matter (10). Ammocoetes begin transforming in the fall and
are mature in spring,

Spawners move into gravel riffles for spawning, where
they construct nests slightly shorter than adult lengths. In
Mark West Creek, Sonoma County (April 1994), brook lam-
preys constructed nests 15-20 cm in diameter in a gravelly
riffle about 15 cm deep (15). Each nest pit was occupied by
2—4 individuals, although the largest lamprey (assumed to
be female) did most of the excavating (15). Spawning be-
gins when water temperatures exceed 10°C (7). Spawning
behavior is similar to that described for Pacific lamprey (7,
9). The spawning season is apparently fairly short (March—
April) in Coyote Creek, Alameda County (13), but it lasts as
long as 6 months where flow conditions are more constant
in Washington (7). Females produce 1,100-3,700 eggs,
which hatch in about 10 days (10).

Status 1D. Western brook lampreys are probably more
common than records indicate because special effort has to
be made to collect them and to separate ammocoetes from
those of other species. However, it is unlikely that they can
withstand severe pollution or habitat changes, so they are
probably now restricted to less disturbed sections of
streamns. Systematics of the various populations assigned to
this species merit investigation, because a number of the
more isolated ones may deserve species status.

References 1. Vladykov and Follett 1962. 2. Vladykov 1973,
3. C. Bond and T. Kan, unpubl. ms. 1991. 4. Richards et al. 1982.
5. C. Bond, Oregon State University, pers. comm. 1998. 6. Swift
et al. 1993. 7. Schultz 1930. 8. McIntyre 1969. 9. Morrow 1980.
10. Wydoski and Whitney 1979. 11. Robins et al. 1991. 12.
Beamish 1987. 13, Hubbs 1925. 14. Beamish and Neville 1992. 15.
M. H. Fawecett, pers. comm. 1998. 16. Culver and Hubbs 1917.
17. Docker et al. 1999. 18. Brown and Moyle 1996. 19. J. B. Feli-
ciano, University of California, Davis, pers. comm. 1999, 20. T L.
Taylor, pers. comm. 1973. 21. C. L. Hubbs, pers. comm. 1974.
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Sturgeons, Acipenseridae

Sturgeons are among the largest and most ancient of bony
fishes. They are placed, along with paddlefishes and numer-
ous fossil groups, in the infraclass Chondrostei, which also
contains the ancestors of all other bony fishes. The stur-
geons themselves are not ancestral to modern bony fishes
but are a highly specialized and successful offshoot of an-
cestral chondrosteans, retaining such ancestral features as a
heterocercal tail, fin structure, jaw structure, and spiracle.
They have replaced a bony skeleton with one of cartilage
and possess a few large, bony plates instead of scales. Stur-
geons are highly adapted for preying on bottom animals,
which they detect with a row of extremely sensitive barbels
on the underside of their snouts. They protrude their extra-
ordinarily long and flexible “lips” to suck up food.
Sturgeons are confined to temperate waters of the North-
ern Hemisphere, Only 8 of 25 species are found in North
America, 2 in California. Most live primarily in salt water,
moving up rivers only to spawn, but a few species live exclu-
sively in fresh water. The anadromous forms are the largest
fish in fresh water. The giant beluga sturgeon (Huso huso),

which spawns in the Volga River of Burasia, grows to 8.5 m
(26 ft) and 1,297 kg (2,860 Ib). White sturgeon are the largest
freshwater fish in North America, apparently growing as
large as 630 kg (1,400 Ib) and more than 6 m (20 ft) long.

The history of sturgeon fisheries throughout most of the
world has been one of overexploitation resulting in severe
population reduction. The large size and sluggish nature of
sturgeon make them vulnerable to netting and snagging,
and their valuable caviar, isinglass, and flesh have made such
fisheries very lucrative—while they last. Of equal impor-
tance, they live or spawn in large rivers, which have been al-
most universally dammed, diverted, and polluted. As a con-
sequence, most species are threatened with extinction
{Rochard et al. 1990; Birstein et al. 1997a). Proper manage-
ment can restore overfished sturgeon populations, provided
their spawning areas are not destroyed by pollution and
competing uses of the water. Sturgeon culture is also start-
ing to become an important segment of the aquaculture in-
dustry and raising sturgeon in hatcheries is a new tool for
their conservation.

White Sturgeon, Acipenser transmontanus Richardson

Identification Adults have blunt, rounded snouts, with four
barbels in a transverse row on the underside. The barbels are
closer to the tip of the snout than the mouth. Their mouths
have highly protrusible lips but lack teeth. Each fish has 5
widely separated rows of bony scutes (plates) on the body.
The dorsal row has 11-14 scutes, the two lateral rows have
38-48 each, and the two bottom rows have 9-12 each, with
4-8 between the pelvic and anal fins. Large ventral scutes are
absent behind the dorsal fin and anal fin, although tiny rem-
nants (fulcra) may be present. The dorsal fin has one spine
and 4448 rays, while the anal fin has 28-31 rays. There are
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34-36 gill rakers on the first gill arch. The ventral body sur-
face is white, shading to gray brown on the back above the lat-
eral scutes. The fins are gray and the viscera black. Young-of-
year white sturgeon may be distinguished from green stur-
geon by their 42 or more dorsal fin rays (greens have 35-40),
morte than 35 lateral scutes (greens have 30 or fewer), and 23
or more gill rakers on the first arch (greens have 15-19).

Taxonomy There is little controversy over the taxonomy of
this species, which is most closely related to the green stur-
geon. Populations from major river systems show some ge-
netic differentiation, but not enough to warrant subspecies
designations (16, 17).

Figure 38. White sturgeon, “about
700 lbs,” Columbia River. Drawing
by Paul Vecsel.

Names Just where the whife in white sturgeon comes from
is a bit of a mystery, because they are gray in color, but it
probably refers to the pale color of their flesh compared

- with that of green sturgeon. Acipenser is Latin for sturgeon,

while trans-montanus means “across the mountains,” a ref-
erence to their wide distribution in the Columbia River sys-
tem or to their presence west of the continental divide.

Distribution White sturgeon range in salt water from Ense-
nada, Mexico, north to the Gulf of Alaska, but they spawn
only in large rivers from the Sacramento—San Joaquin sys-
tem northward. At present, self-sustaining spawning popu-
lations apparently exist only in the Sacramento, Columbia
(Washington), and Fraser (British Columbia) Rivers. Land-
locked populations exist in the Columbia River basin above
major dams (1, 18). In California white sturgeon are most
abundant in the San Francisco estuary. This population
spawns mainly in the Sacramento and Feather Rivers but
may spawn in the San Joaquin River when flows and water
quality permit (23).

Prior to the construction of Shasta Dam in the 1940s, the
lower Pit River may have been an important spawning area
(28). After Shasta Dam was built, trapping young sturgeon
behind it, alandlocked population became established. This
population reproduced for a while, maintaining a small
fishery, but reproduction ceased following the construction
of dams on the Pit River, which blocked access to historical
spawning areas (28). White sturgeon are still occasionally
caught in Shasta Reservoir, both long-lived residual fish
and individuals from limited stocking attempts, especially
in the 1980s. Historically, there may have been small runs in
the Russian, Klamath, and Trinity Rivers as well. White stur-
geon were once introduced into the Colorado River (19),

but there is no evidence the introduction was successful.
They are now widely cultivated in California, and young are
sold in aquarium stores, so individuals may be expected
from other reservoirs and ponds. They have been planted in
a number of reservoirs in southern California and the San
Francisco Bay area, and occasional large fish are taken by an-
glers (e.g., a 21-kg sturgeon from Lafayette Reservoir, Con-
tra Costa County) (22).

Life History White sturgeon spend most of their lives in es-
tuaries of large rivers, moving into fresh water to spawn.
They are usually most abundant in brackish portions of es-
tuaries and move in response to salinity changes (9). A few
make extensive movements in the ocean, and sturgeon
tagged in the San Francisco estuary have been recaptured in
the lower Columbia River and other estuaries between (2,
9). One tagged sturgeon was later recovered more than
1,000 km up the Columbia River. In estuaries adults tend to
concentrate in deep areas with soft bottoms, although they
may move into intertidal areas to feed at high tides.

The food of white sturgeon is taken on or close to the
bottom. Young sturgeon (around 20 cm FL) feed mostly on
crustaceans, especially amphipods (Corophium spp.) and
opossum shrimp (Neomysis mercedis) (3, 4, 26). As they
grow, their diet becomes more varied, although it still con-
sists mostly of bottom-dwelling estuarine invertebrates,
mainly clams, crabs, and shrimp. In the San Francisco Estu-
ary most of these are introduced species, reflecting the abil-
ity of sturgeon to forage on whatever benthic prey are most
readily available. In recent years a major item in the diet has
been the overbite clam, Potamocorbula amurensis, which be-
came extraordinarily abundant in Suisun Bay following
its invasion in the 1980s. Fish assume increasing impor-
tance in the diets of larger sturgeon, especially herring, an-
chovy, striped bass, starry flounder, and smelt. When Pacific
herring move into estuaries to spawn, white sturgeon may
feed heavily on the eggs (6), as they do on eulachon eggs in
the Columbia River (26). Other items recorded from the
stomachs of large sturgeon in California include onions,
wheat, Pacific lampreys, crayfish, frogs, salmon, trout,
striped bass, carp, squawfish, suckers, and, in one case, a
domestic cat (7). In captivity juvenile white sturgeon can
adjust to artificial diets and grow rapidly when consuming
food equivalent to 1.5 to 2.0 percent of their body weight
per day, at 18°C (5).
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Young white sturgeon grow rapidly in the San Francisco
Estuary, reaching 18-30 cm FL by the end of their first year
(9). Growth gradually slows as they become older, but they
canreach 102 cm TL (40 in.) by their seventh or eighth year.
In subsequent years they add 2—6 cm per year. Justhow large
they can grow is a matter of some dispute, because the
largest fish were taken prior to 1900 and were subject to in-
accurate measurements and exaggerated reporting. They
may have achieved 6 m FL and 820 kg (1,800 Ib), although
the largest authentic record was of a specimen weighing 630
kg (22). Such large fish were probably more than 100 years
old and were the largest fish in fresh water in North Amer-
ica. The largest white sturgeon taken in recent years, a 3.2-m
FL fish from Oregon, was 82 years old (7). The largest recent
record from California is of a female, 2.8 m TL, 210 kg, aged
47, accidentally caught in a fish trap. In 1963, however,
CDFG recorded a dead sturgeon from Shasta Reservoir that
measured 2.9 m TL, had an estimated weight of 225 kg, and
was at least 67 years old (28). Sturgeon longer than 2 m and
older than 27 years are rare (8). Age is determined by taking
cross sections of fin rays and counting the number of visi-
ble rings, on the assumption that a new ring is laid down
every year (8, 15).

Male white sturgeon are at least 10-12 years old and
75-105 c¢m FL before sexual maturity; females do not ma-
ture until they are 12—16 years old and 95-135 cm (9, 20).
In captivity females may mature in 5 years and males in 3—4
(10). Maturation in adult sturgeon is apparently regulated
by both photoperiod and temperature (21). When ready to
spawn, sturgeon migrate upstream, although some move-
ment to the lower reaches of rivers may take place in winter
months prior to spawning. Spawning takes place between
late February and early June when water temeratures range
from 8 to 19°C, generally peaking around 14°C (18). Mature
fish apparently start moving upstream in response to in-
creases in flow, and spawning seems to be triggered by a
pulse of high flow (23). Only a small fraction of the adult
population spawns each year. In the Sacramento River most
spawning apparently takes place between Knight’s Landing

(river mile 145) and Colusa (river mile 231) (23). Some fish
may spawn on occasion in the Feather and San Joaquin
Rivers (9, 11). White sturgeon presumably spawn either
over deep gravel riffles or in deep holes with swift currents
and rock bottoms, although substrates are gravel in the
major Sacramento River spawning area. The adhesive eggs
have been collected on the bottom at 10 m (10). In the
Columbia River they-spawn over bottoms of cobble and
boulder, at depths of 323 m and bottom water velocities of
0.6-2.4 m/sec (18). When spawning is completed they move
back down to the estuary. Males may spawn every 1-2 years,
but females apparently have a 2- to 4-year wait between
spawns. Longer intervals are also possible, especially if con-
ditions are unfavorable.
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Female Sacramento River white sturgeon are highly fe-
cund, averaging 5,648 eggs per kilogram body weight (20).
A “typical” female (1.5 m FL) will thus contain more than
200,000 eggs. The eggs are adhesive after fertilization and
stick to the substrate. Larvae hatch in 4-12 days, depending
on temperature (10). New larvae are about 11 mm long and
at first swim in a vertical position, which presumably causes
them to drift downstream toward the estuary (10). The yolk
sac is absorbed in 7-10 days, and the larvae then begin
swimming horizontally, actively feeding from the bottom.
Juvenile sturgeon apparently have a greater tendency to live
in the upper reaches of the estuary than do adults, indicat-
ing that the ability to adjust to salt water increases with size
and age (12).

Spawning success varies from year to year, so the popu-
lation in the San Francisco estuary tends to be dominated
by a few strong year classes. Large year classes are associated
with high outflows through the estuary in spring (9, 25).
This relationship may result from larval sturgeon being
moved quickly downstream to suitable rearing areas (27),
where food is abundant and the probability of being sucked
into diversions is low. Higher river flows may also stimulate
larger numbers of sturgeon to spawn (9).

Because successful year classes may occur at wide and ir-
regular intervals, the number of adult fish can vary widely.
CDFG (9) estimated that in 1954 only 11,000 adult (>1-m)
sturgeon existed in the estuary, but by 1967 the number had
increased to 115,000, Numbers decreased to an estimated
74,000 adult fish in 1979, increased to 128,000 by 1984, de-
clined to about 60,000 by 1990, but then reached record
numbers (142,000) in 1997 (25). A decline in the adult pop-
ulation through the early 21st century is predicted, based on
poor spawning success during the 1987-1992 drought with
an increase again as the result of successful spawning in wet
years starting in 1993 (25). The annual survival rate ranges
from 74 to 90 percent, including fishing mortality that
varies from 9 to 11.5 percent (9). In recent years improved
angling techniques have gradually increased catch rate, but

exploitation rates are still reasonable (25). To protect the

most fecund females, maximum size limits (183 ¢cm TL)
have been imposed for the fishery, and this regulation, given
current exploitation rates, seems sufficient to protect the
population (25).

Status 1E. White sturgeon support valuable commercial
and sport fisheries in Canada, Oregon, and Washington (14,
24). In California they are taken in small numbers in the
Native American fishery in the Klamath River and support
a major sport fishery in the San Francisco Estuary.

White sturgeon in the San Francisco Estuary are a classic
case of a valuable fish resource nearly wiped out by over-
fishing but restored through proper management (13). The
large size and late age of maturity of sturgeons make them

extremely vulnerable to overfishing, so it is not surprising
that they were decimated by a commercial fishery that
started in the 1860s and lasted until 1901. The peak catch
was 1,660,000 Ib taken in 1885. By 1895 the catch was down
t0 300,000 Ib and declining annually. The fishery was closed
in 1901 after a catch of less than 200,000 Ib. Low catches in
1909, 1916, and 1917, when the fishery was reopened, indi-
cated that the population had not recovered, so the com-
mercial fishery was closed for good in 1917. In 1954 a year-
round sport fishery was legalized, with a minimum size of
102 cm and a bag limit of one fish per day per fisherman.
It was an immediate success, and large numbers were
caught, mostly by snagging from party boats. Because snag-
ging was considered unsportsmanlike, the method was out-
lawed in 1956. However, no other effective method had been
found to catch sturgeon on hook and line, so the catch by
anglers declined. Most sturgeon caught were taken by fish-
ermen angling for other species, especially striped bass (13).
In 1964 it was discovered that grass shrimp worked well as
bait, and the sport fishery again intensified. In the 1980s ad-
ditional pressure was exerted because fishing techniques
had become more sophisticated (e.g., the use of sonic “fish
finders”). Because of concern that harvest rates were too

. high, CDFG imposed new maximum (183 cm TL) and min-

imum (117 ¢cm TL) size limits in 1991.

The value of managing this fishery is clearly indicated by
the fact that present-day sturgeon catches are only slightly
less per year than average commercial catches from 1875 to
1899, when the fishery was in decline. The unregulated
commercial fishery nearly wiped out the population in a
short time, whereas the present managed sport fishery
promises to yield continuous returns for years to come.
Even large sturgeon once again appear in the catch. In April
1973 a 190-kg, 2.8-m FL sturgeon was caught in the Sacra-
mento River, a hook and line record.

Continued success of white sturgeon in the San Francisco
Estuary is remarkable because almost all other species of fish

-have suffered major population declines in recent decades.

The success can be attributed to good management coupled
with the long life and high fecundity of the fish, These make
it possible to maintain populations with a relatively small

number of good spawning years. The sturgeon also have
flexibility in their feeding habits; for example, they are now
feeding on the abundant introduced overbite clam that is
otherwise considered a disaster for the estuary. All this does
not mean that we can afford to be sanguine about the white
sturgeon’s future. Continued alteration of the estuary and
the Sacramento River is making successful spawning and
rearing increasingly difficult. The long life span of sturgeon
also allows for accumulation of contaminants such as PCBs,
which may inhibit growth and reproduction (14). One con-
cern over the abundance of overbite clams in the diet is that
selenium and other toxic materials accumulated at high lev-
els by the clams may be passed on to the fish.

Because white sturgeon are now successfully cultured,
there is a tendency to think that reduced natural reproduc-
tion can be made up for by stocking hatchery-reared fish. In
the long run, as the history of chinook and coho salmon in
California has shown, reliance on hatcheries can create as
many problems as it solves, or even more. If anything, we
should be working toward improving spawning and rearing
conditions in the wild for white sturgeon, recognizing that
such efforts would benefit many other species as well. One
place where a hatchery program for white sturgeon would
seem to be justified is Shasta Reservoir. The sturgeon fish-
ery that once existed there all but disappeared once dams
denied fish access to historic spawning grounds in the Pit
River. Planting juvenile sturgeon in the reservoir could at
least restore a fishery for a native species.
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Green Sturgeon, Acipsenser medirostris Ayres

Identification Green sturgeon are similar in appearance to
white sturgeon, except the barbels are closer to the mouth
than the tip of the long, narrow snout. The dorsal row of
bony plates numbers 8-11, lateral rows, 23-30, and bottom
rows, 7-10; there is one large scute behind the dorsal fin as
well as behind the anal fin (both lacking in white sturgeon).
The scutes also tend to be sharper and more pointed than

in white sturgeon. The dorsal fin has 3336 rays, the anal fin,
22-28. The body color is olive green with an olivaceous
stripe on each side; the scutes are paler than the body.

Taxonomy Although there is no question as to the validity
of this species, its geographic variation has received little
attention. It is likely that Asiatic populations (Sakhalin
sturgeon) belong to a different species, although they are
similar morphologically to those in North America, even
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sharing some unusual parasites (27). The Japanese popu-
lation was described as Acipenser mikadoi based on one
poorly preserved specimen (1); but the name is some-
times applied to the Asian form (the Sakhalin sturgeon
in the Russian literature). The Asian form has about
twice the DNA content of the North American form, and
other molecular analyses indicate that the two forms are
distinct (17).

Names In 1854 W. O. Ayres (2) described three species of
sturgeon from San Francisco Bay, differentiated in part by the
length of their snouts and named accordingly (A. acutirostris,
A. medirostris, A. brachyrhynchus). The long- (“acute”) and
short-snouted forms were later identified as white sturgeon,
leaving green sturgeon with an anomalous scientific name
that translates as “middle snout.” The common name is apt,
because green sturgeon frequently have a distinctly green
cast, Other names are as for the white sturgeon.

Distribution Green sturgeon are recorded from Mexico, the
United States, Canada, Russia (Commonwealth of Inde-
pendent States), Japan, and Korea, but the Asian records are
those of the closely related Sakhalin sturgeon (now confined
to the Tumnin River, Russia). As a general rule, these two
species are rarely found below the 30th parallel, and their
greatest abundance is between the 40th and 60th parallels.
In North America green sturgeon range in the Pacific from
the Bering Sea to Ensenada, Mexico. They are found in
rivers only from British Columbia south to the Sacramento
River, There is no evidence of green sturgeon spawning in
Canada or Alaska, although small numbers are caught in the
Fraser and Skeena Rivers (4). They are particularly abun-
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Figure 39. Green sturgeon, 160 cm
TL. Drawing by Paul Vecsei.

dant in the Columbia River estuary, and individuals have
been observed 225 km inland in the river; presently they are
found almost exclusively in the lower 60 km and not up-
stream of Bonneville Dam. There is no evidence of spawn-
ing in the Columbia River or other rivers in Washington, In
Oregon juvenile green sturgeon have been caught in several
of the coastal rivers (6), but spawning has been confirmed
only in the Rogue River (22).

In California the abundance of green sturgeon gradually
increases northward of Point Conception. They are occa-
sionally caught in Monterey Bay, but the southernmost
spawning population is in the Sacramento River. They are
occasionally captured in ocean waters off northern Califor-
nia, especially in bays, but spawning populations apparently
existed historically only in the Eel River and in the Klamath-
Trinity River system. The Eel River apparently no longer
sustains a spawning run, although large sturgeon are occa-
sionally observed in the lower river. The Klamath and Trin-
ity Rivers remain as their principal spawning streams.

Life History The ecology and life history of green sturgeon
have received little study, evidently because of the generally
low abundance, limited spawning distribution, and low
commercial and sport fishing value of the species. Green
sturgeon are the most marine species of sturgeon, coming
into rivers mainly to spawn, although early life stages in
fresh water may last as long as 2 years.

Juveniles and adults are benthic feeders, and they may
also take small fish. Juveniles in the San Francisco Estuary
feed on opossum shrimp and amphipods (7). Adults caught
in Washington had been feeding mainly on sand lances
(Ammodytes hexapterus) and callianassid shrimp (27). In
the Columbia River estuary green sturgeon are known to
feed on anchovies and clams (5).

Green sturgeon migrate up the Klamath River between
late February and late July. The spawning period is March—
July, with a peak from mid-April to mid-June (6). Spawning
times in the Sacramento river are probably similar because
adult sturgeon are in the river, presumably spawning, when
temperatures are 8-14°C. Spawning takes place in deep, fast
water. In the Klamath River a pool known as the Sturgeon

" Hole (1.5 km upstream from Orleans, Humboldt County) is

apparently a major spawning site, because leaping and other
behavior indicative of courtship are often observed there
during spring and early summer. In the Sacramento
drainage capture of larval green sturgeon in salmon out-

migrant traps indicates that the lower Feather River may be
a principal spawning area. Indirect evidence indicates that
green sturgeon may also spawn in the mainstem Sacramento
River. Adults have been reported from as far upstream as Red
Bluff, Tehama County (river km 383) and young from a
number of places downstream (14, 15). Some spawning may
also take place (or once did) in the lower San Joaquin River,
because young green sturgeon have been taken at Santa
Clara Shoal, Brannan Island State Recreational Area, Sacra-
mento County (7). Preferred spawning substrate is likely
large cobble, but it can range from clean sand to bedrock.
Eggs are broadcast and externally fertilized in relatively fast
water and probably in depths greater than 3 m (6). The im-
portance of water quality is uncertain, but a small amount
of silt is known to prevent the eggs from adhering to each
other, thus increasing survival.

Female green sturgeon produce 60,000~140,000 eggs,
about 3.8 mm in diameter. Based on the presumed similar-
ity to white sturgeon, green sturgeon eggs probably hatch
around 200 hr (at 12.7°C) after spawning; the larvae should
be 8-19 mm long and the juveniles 2-150 cm TL (6). The
juveniles seem to migrate out to sea befote the end of their
second year, primarily during summer and fall (6). In the
Klamath River juvenile sturgeon outmigrate at 30-66 cm
TL, when they are 1-3 years old, although many leave as
yearlings (18, 24). They apparently remain near estuaries at
first, but they migrate considerable distances as they grow
(6). Fish between 70 and 120 cm TL are marine, so males
spend 3-9 years at sea and females 3-13 years before re-
turning (24). Individuals tagged by CDFG in the San Fran-
cisco Estuary have been recaptured off Santa Cruz, Califor-
nia; in Winchester Bay on the southern Oregon coast; at the
mouth of the Columbia River; and in Gray’s Harbor, Wash-
ington (9, 10). Most tags for green sturgeon from the San
Francisco Bay system have been returned from outside that
estuary (23).

Males and females grow at about the same rate, approx-
imately 7 cm per year until they reach maturity at 130-150
cm TL, at which point growth slows (18, 24). Thus a 10-
year-old sturgeon is about 105 cm TL; a 20-year-old, 160 cm
TL; a 30-year-old, 195 cm TL; and a 40-year-old, 200 cm T1.
However, males mature at younger ageé than females and do
not grow as large. The maximum length recorded in recent
years from the Klamath River is about 270 cm TL (175 kg),
and all fish over 200 cm TL are females (18, 20). Adults over
2 m TL and 90 kg are unusual (8). Mature fish are typically
15-20 years old. The largest fish have been aged at 42 years
(24), but this is probably an underestimate (18), and maxi-
mum ages of 60-70 years or more are likely (6).

Status 1C.Because of its low numbers and low culinary rep-
utation, little attention has been paid to green sturgeon un-
til recently. For example, Jordan and Evermann (11, p. 7) ex-

pressed what had been the most common attitude: “As a
food-fish, it is of very inferior rank; indeed, it is commonly
believed to be poisonous, but this belief is without warrant.
Its flesh, however, is dark, has a strong, disagreeable taste, and
an unpleasant odor, and is regarded as inferior to that of the
white sturgeon.” Even the roe has been rejected as unfit for
caviar. In fact, the bad reputation of green sturgeon proba-
bly stems mostly from the dark color of the flesh because,
properly prepared, it is quite tasty. As a consequence, a sub-
stantial fishery has developed in recent years. The following
are reasons for being concerned about the status of green
sturgeon in California and, consequently, in the world (15):

1. Green sturgeon and Sakhalin sturgeon appear to be
in trouble throughout their ranges (21). Rochard et
al. (12, p. 131) state, in their review of the status of
sturgeons worldwide, that “Those [species of stur-
geon] which do not have particular interest to fisher-
men (A, medirostris, Pseudoscaphirhynchus spp.) are
paradoxically most at risk, for we know so little
about them.” In Japan Sakhalin sturgeon have appar-
ently been extinct for 40 or more years (28), even
though they once had spawning runs in rivers of
Hokkaido. In Russia Sakhalin sturgeon is listed as a
Category 4 species (probably endangered but with
insufficient information to be classified as such).
Borodin (3), however, indicates that it is highly
endangered. Fishing for Sakhalin sturgeon is now
officially forbidden in Russia. In Canada green stur-
geon have been given “rare” status (1987) by the
Committee on the Status of Endangered Wildlife in
Canada, based on a general lack of biological infor-
mation and uncommonness (4).

2. A number of presumed spawning populations (Eel
River, South Fork Trinity River, San Joaquin River)
have apparently been lost in the past 25-30years, and
the only known spawning now takes place in the
Sacramento, Klamath, and Rogue (Oregon) Rivers,
all of which are affected by water projects and inten-
sive use of the watersheds. It is quite likely that these
are the only spawning populations in North America.

3. The principal non-Native American fisheries for
green sturgeon have been in Washington and the
nearby Columbia River estuary, yet there is no evi-
dence of sturgeon spawning in that region. It is
highly probable that these fisheries depended on
sturgeon from California attracted to the area for an
unknown reason, perhaps owing to the abundance of
food. The targeted green sturgeon fishery has now
been halted, but considerable numbers of green stur-
geon are still taken in the salmon gill net fishery in
the lower river (19).
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4. The Yurok tribe and other Native American tribes fish
the annual run of green sturgeon in the Klamath River.
The Yurok portion of the fishery is closely monitored;
the annual catch declined from 389 fish in 1980-1988
to 256 fish in 1989-1997 (20). The average length of
sturgeon in the catch, however, did not decline.

The various fisheries are harvesting at least 6,000-11,000
green sturgeon per year. Although there is no direct evi-
dence of decline, the statistics are incomplete. It is possible
that the fisheries discussed in the following paragraphs are
“mining” a stock of large, old fish that cannot renew itself at
present harvest rates.

A majority of the green sturgeon harvest has historically
taken place in the Columbia River region, where they are
caught by commercial fishermen, anglers, and Native
American gill netters. There is little or no evidence of
spawning in rivers of this region, and it is likely that fish har-
vested here migrated from Oregon or California, as indi-
cated by limited recaptures of tagged sturgeon. Further ev-
idence of lack of local recruitment into the fishery is that few
juvenile sturgeon (<1.3 m) are caught (6). Commercial
catch in the Columbia River region has fluctuated consid-
erably. Between 1941 and 1951, catches averaged 200-500
fish per year, while between 1951 and 1971 catch averaged
1,400 fish per year (4). Between 1971 and 1989, an average
of 21 tons of green sturgeon (ca. 2,000—4,000 fish) were har-
vested commercially each year (6). There have also been
some notably high catches. In 1986 about 5,000 were har-
vested in the Columbia River estuary alone during a four-
day sturgeon fishing season (6). When sport and Native
American gill net catches are added in, the combined fish-
eries during this period were taking between 4,000 and
9,000 fish per year (26).

Concern over these high catches led to a ban on com-
mercial fisheries targeted on green sturgeon in 1989, in both
Oregon and Washington (26). However, fishermen gill-
netting for salmon, fishing for white sturgeon, or trawling
for other species can still keep green sturgeon caught inci-
dentally, provided the fish are within a 48-66 inch TL slot
limit. Between 1995 and 1999, the total catch (including
sport and tribal fisheries in California) averaged about
2,000 fish, with the sport fishery taking about 500 of these.

The second largest fishery is probably in the Klamath and
Trinity Rivers. A small number are taken in the sport fish-
ery, but the main harvest is by the Native American gill net
fishery. This fishery targets fish as they move up river to
spawn during spring and again as they return seaward
through the estuary, during June—August. It is mainly adults
(>130 cm TL) that are captured (24, 25). Data on this fish-
ery exist only since 1980, and the available harvest estimates
are probably low because some of the green sturgeon har-
vest occurs prior to the annual monitoring activities of the
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USFWS (25). In addition, the USFWS monitors only the
sturgeon harvest on the Yurok Indian Reservation; catches
by the Karuk and Hoopa tribal fishermen in the Klamath
River basin are undetermined but are probably low (25).
With that in mind, the adult harvest from the Klamath sys-
tem has been between 100 and 800 fish per year. There
seems to be, as yet, no indication of any recent decline.

Green sturgeon in the Sacramento—San Joaquin drainage
are caught primarily by anglers fishing for white sturgeon.
If we assume that green sturgeon longer than 102 cm (the
legal size) are harvested in proportion to their numbers and
at the same rate relative to white sturgeon, then exploitation
rates have gradually increased since 1954 (13). Recent an-
nual harvest rates for white sturgeon have been 9-11.5 per-
cent per year. Presumably regulations adopted to reduce the
catch of white sturgeon will also benefit green sturgeon, al-
though the 183 ¢m TL maximum size still allows the largest
female green sturgeon to be harvested.

The following is a description of the status of green stur-
geon in the various drainages within California.

Sacramento-San Joaquin drainage. White sturgeon are
the most abundant sturgeon in this system, and green stur-
geon have always been uncommon. CDFG measured and
identified 13,982 sturgeon of both species between 1954
and 1987. Based on these data, a 1.5 ratio of green sturgeon
to white sturgeon is derived for fish less than 101 cm FL, and
a 1:78 ratio for fish 101 cm or more FL (23). If we assume
that sturgeon over 101 cm FL are adults, that green sturgeon
and white sturgeon are equally vulnerable to capture, that
their populations fluctuate in a similar manner, and that
CDFG population estimates of white sturgeon (11,000—
128,000, depending on the year) are accurate (13), then
adult green sturgeon numbers in the estuary range from 140
to 1,600 fish. Numbers of juveniles are presumably even
more variable, depending on episodic reproduction.

Eel River. Green sturgeon are the species usually caught
in rivers, estuaries, and bays on the north coast from Toma-
les Bay to the Smith River. However, most early references
regarding sturgeon from this area fail to distinguish the
species. As a result, confusion has ensued as to their relative
abundance in this region. Between the Sacramento and
Klamath Rivers, only the Eel River has apparently supported
spawning green sturgeon in the past. Historical accounts
from 19th-century newspapers provide the earliest evi-
dence of sturgeon in the Eel River. At this time sturgeon
were reported from the mainstem, South Fork, and Van
Duzen River (15). While not confirmatory, the lengths and
weights given in these newspaper accounts would be con-
sistent with adult green sturgeon. In the 1950s two young
were collected in the mainstem Eel River, and large sturgeon
were observed jumping in tidewater (16). Two additional
young were taken from the Eel River in 1967. There are no
confirmed records in the Eel River since then. However,

adults are commonly collected in Humboldt Bay, a short
distance to the north (15).

Klamath and Trinity Rivers. The largest spawning pop-
ulation of green sturgeon in California is in the Klamath
River, Both green and white sturgeon have been found in the
Klamath River estuary, but white sturgeon are taken infre-
quently. A investigation initiated in 1979 by USFWS found
almost all sturgeon occurring above the estuary to be green
sturgeon. The sturgeon spawn primarily in the mainstem
Klamath River and mainstem Trinity River, but they have
also been seen in the lower portion of the Salmon River (a
Klamath tributary). In the Klamath the apparent upstream
limit for spawning is Ishi Pishi Falls, upriver from Somes
Bar, Siskiyou County (approximately river km 113). The
Trinity River enters the Klamath at Weitchpec (river km 70),
and spawning migrants penetrate the mainstem to about
Grays Falls, Trinity County (river km 72).

Because of its limited distribution and our limited in-
formation about it, the green sturgeon deserves status as a

species of special concern; it requires study to determine its
population dynamics and ecological requirements. At least
one population has been lost in California, and it is likely
that the two existing spawning populations are smaller than
they once were.
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shortage of adequate attraction flows in major spawning
tributaries, such as the American River, may also have
played a role in the decline (17).
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Minnows, Cyprinidae

True minnows are one of the most abundant and widely dis-
tributed groups of freshwater fishes in the world, dominat-
ing streams of North America, Eurasia, and Africa. There
are more than 250 species in North America alone, includ-
ing introduced carp and goldfish. They range in length as
adults from a few centimeters to more than 1 m.

The typical native North American minnow is a small,
silvery fish. In California this description applies mainly to
juveniles because the adults are often large (20 cm or more).
The body is elongate and often has a dark band running
along the side. The caudal fin is forked and the dorsal fin
short, located just above the pelvic fins. True spines are ab-
sent from the fins, although carp, goldfish, and spinedaces
have rays that are hardened and resemble spines. There are
never teeth on the jaws, but pharyngeal teeth are well de-
veloped and often highly specialized. Scales are cycloid and
typically are evenly distributed over the body but absent
from the head. Socially most minnows are shoaling fish,
schooling in many situations. During the breeding season,
however, males of many species (e.g., fathead minnow)
stake out territories and defend them from other fishes.
Breeding males usually develop small, hard tubercles on
their bodies and fins, particularly around the snout. The
more conspicuous the tubercles, the morelikely it is that the
species builds nests and defends territories. The tubercles
are inconspicuous on most native California minnows.

Many factors contribute to the success of the Cyp-
rinidae. Perhaps most important are a well-developed sense
of hearing, a fear substance they release when injured, the
presence of pharyngeal teeth, and high fecundity. Their
hearing is acute because they possess a series of small bones
(Weberian ossicles) that connect the anterior lobe of the
swim bladder to the inner ear. The swim bladder, being
filled with gas, intercepts sound waves passing through the
water (and the body of the fish). The vibrations are then
carried to the inner ear by the ossicles, much as the bones

in the middle ear of mammals carry sound from the
eardrum to the inner ear. This auditory system allows min-
nows to detect a much wider range of frequencies than most
other fishes. Although the primary functions of such acute
hearing are detection of predators and conspecifics and
food finding, the auditory system is also used during breed-
ing; the males of a number of species make sounds during
courtship and territorial defense.

The sense of smell is also well developed in minnows and
important in helping to avoid predators. If a minnow is in-
jured so that the skin is broken, a special chemical present
in the skin (fear substance) is released. The olfactory organs
of minnows are highly sensitive to this substance. When it
is detected, minnows immediately go into self-protective
behaviors, fleeing or hiding. This mechanism s particularly
valuable in weedy or turbid waters, where predators are
difficult to see.

Pharyngeal teeth contribute to the success of minnows
in much the same way that specialized jaw teeth contribute
to the success of mammals on land. They allow minnows to
specialize in feeding habits and to break up foods taken in
through the toothless mouth. The pharyngeal teeth, located
in the “throat” behind the last gill arch on each side, grind
food against a hard plate on the roof of the buccal cavity.
Minnows with different feeding habits tend to have differ-
ent shapes, sizes, and numbers of pharyngeal teeth. Sacra-
mento pikeminnows have pointed, knifelike teeth that point
backward down the throat; these are well suited for retain-
ing and cutting up the fish and large invertebrates they eat.
Adult hardhead, which live with pikeminnows, have pha-
ryngeal teeth that are flattened on the ends; they are suited
for crushing algae and small invertebrates. Young hardhead,
which feed primarily on aquatic invertebrates, have more
knifelike teeth, which become flatter as the fish grow older.

Because the teeth are so distinctive, they can be used to
distinguish species. The number and arrangement of the
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pharyngeal teeth are particularly useful characteristics, and
tooth formulas frequently accompany descriptions of min-
now species. Most minnows native to California have two
rows of teeth on each side, so a typical formula reads 1,4-4,1,
indicating one tooth on an inside row and four teeth on an
outside row on each side. It is not unusual for the number of
teeth on each side to differ slightly, owing to natural variation.

Despite all these advantages, many native minnow species
are declining. Thicktail chub, Clear Lake splittail, Colorado
pikeminnow, and bonytail have all become extinct in Cali-
fornia within the past 40 years; together they represent 27
percent of the native cyprinids. Another presumably extinct
species, the Clear Lake minnow, Endemichthys grandipinnis
Hopkirk 1973, may be a hybrid and so will not be treated
further.

California has (or had) 15 species of native minnows
and 7 introduced species. The native species, together with
other cyprinids native to rivers west of the Rocky Moun-
tains, form an evolutionary group (clade) separate from
other North American species (Cobern and Cavender
1992; Simons and Mayden 1998). Most are distinct enough
to be placed in genera found only in western North Amer-
ica. In addition, four widely distributed native species in
California have among them at least 27 putative subspecies:
tui chub (10), hitch (3), California roach (8), and speckled
dace (6). Many of these are poorly defined or undescribed;
some may represent species. Unfortunately, some are likely
to become extinct before they achieve formal taxonomic
recognition.

Tui Chub, Siphateles bicolor (Girard)

Identification Tui chubs are typically chunky, large-scaled
(41-64 scales along the lateral line) fishes with small, ter-
minal, and slightly oblique mouths, stubby gill rakers, and
a decurved lateral line. Gill rakers number 8-24, the left gill
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Figure 42. Tui chub, 22 cm SL,
Goose Lake, Modoc County.

arch usually bearing a few more than the right. The gap be-
tween the gill rakers is wider than the base of the gill rakers
themselves. Both dorsal and anal fin rays number 7-9 (usu-
ally 8). All fins are rounded and short. The head becomes
larger relative to the rest of the body in older fish and is usu-
ally convex in profile. A distinct hump may develop behind
the head. The single-rowed pharyngeal teeth (0-5,5-0 or 0-
4,4-0) are slightly hooked with narrow grinding surfaces.
Live fish tend to be dusky olive, brown, or brassy on the back
and white to silver on the belly. The younger the fish, the
more silvery the body color. Adult size is highly variable; in
springs they may only reach 1012 cm SL, whereas those in
large lakes may reach 3040 cm SL or more,

The pectinifer form differs from the foregoing descrip-
tion in that the gill rakers are more numerous (29-40) as
well as being long and slender. Distances between gill rak-
ers are usually less than the width of the gill rakers them-
selves. The mouth is more oblique than that of typical tui

chubs, and the profile of the head is slightly concave. The
overall color at all sizes is silvery.

Taxonomy In most recent studies, the tui chub is placed
in the genus Gila along with a number of other similar-
appearing species from the western United States (46).
However, biochemical evidence indicates that tui chubs
(and a couple of other species) are more closely related to
other endemic California minnows than to species of Gila
(41). Therefore the generic name Siphateles, first applied by
J. O. Snyder and widely used thereafter, has been resurrected
and used here.

The tui chub is a highly successful species that presents
fascinating problems in systematics. Almost every isolated
or partially isolated drainage system in California, Nevada,
and Oregon supports at least one distinctive form. J. O. Sny-
der, one of California’s early ichthyologists, was so im-
pressed by differences among the various forms that he de-
scribed many as separate species. Today most of Snyder’s
species have been reduced to subspecies, but the taxonomic
diversity reflected in his work still has not been satisfacto-
rily resolved. Ten subspecies are recognized in California,
but the number and taxonomic status of these forms are
likely to change as we learn more about them.

Klamath tui chub. This subspecies (S. b. bicolor) of the
Klamath system was the original recipient of the epithet bi-
colot, which created considerable confusion (see Names). It
was originally considered a distinct species in the genus
Leuciscus or Tigoma (3).

Cowhead lake tui chub. S. b. vaccaceps was described
from a playa lake system in extreme northeastern California
in 1980 (1). It is probably closely related to the Goose Lake
tui chub and other chubs of the Oregon desert.

Goose Lake tui chub. This subspecies, endemic to Goose
Lake on the California-Oregon border, was originally de-
scribed by Cope in 1883 (2) as Myoleucus thalassinus. It was
later assigned to S. b. bicolor (3), S. b. formosa (4, 5), and
S. b. thallassina (6, 7). S. b, bicolor is now reserved for the
Klamath tui chub. The name S. b. formosa was the old name
originally applied to tui chubs supposed to have lived in the
Sacramento-San Joaquin Valley. Because only a few poorly
preserved specimens are known, the subspecies may be
based on a mislabeled collection (47). Thus the appropriate
name for the Goose Lake subspecies is S. b. thallassina.

Pit River tui chub. Hubbs et al. (8) listed this chub as an
undescribed subspecies. Its relationships to other subspecies,
especially the Goose Lake tui chub, need clarification.

Lahontan tui chubs. Perhaps the most intriguing sys-
tematic problem among tui chubs is the relationship be-
tween two forms in the Lahontan drainage, usually listed as
the Lahontan creek tui chub, S, b. obesa, and the Lahontan
lake tui chub, S. b. pectinifer (9, 10). The two are different
enough in morphology that J. O. Snyder (4) placed them in

separate genera (Siphateles and Leuciscus, respectively). The
differences in the gill rakers, much finer and more numer-
ous in pectinifer than in obesa, are particularly striking.
R. G. Miller (11) found that differences in gill rakers as well
as slight morphological variations reflected differences in
niche; S. b. obesa occurs in streams and lakes as a shallow-
water bottom feeder, whereas S. b. pectinifer feeds on zoo-
plankton in the open water of lakes. Studies in Pyramid
Lake, Nevada, confirm that the two forms segregate by diet,
distribution, and breeding times and places (12, 43).

Eagle Lake tui chub. This form is undescribed in part
because it has long been considered a “hybrid” between S. b.
obesa and S. b. pectinfer, based on the bimodal distribution
of gill raker numbers (14). However, the isolated nature of
Eagle Lake and its unusual limnological characteristics
make it highly likely that its tui chub is distinct.

High Rock Springs tui chub. High Rock Springs is a
spring system in Lassen County, an unusual and extremely
isolated environment for tui chubs (45). Unfortunately, the
form inhabiting this spring was driven to extinction in 1989
before it could be formally described. It deserves at least a
posthumous description.

Owens tui chub. R. R. Miller (13) differentiated this sub-
species (S. b. snyderi) from other tui chubs largely on the ba-
sis of number of radii on the scales, a character of ques-
tionable significance. Electrophoretic studies indicate that
they are fairly distinct, and there is evidence of genetic dif-
ferentiation within the Owens drainage as well (49). This
form has been isolated in the Owens Valley for a long time,
so it would be surprising if it were not different from other
populations.

Mohave tui chub. S. b. mohavensis, originally native to the
Mohave River, is biochemically one of the most distinct sub-
species (48) and may warrant specific status (50).

Names The name tui chub is derived from the Paiute name
for the species, tui-pagwi. Pagwi seems to be the Paiute word
for minnow (17). Chub is an old English name of unknown
origin, originally applied to a heavy-bodied European
cyprinid, Leuciscus cephalus. Bicolor means two-colored.
The scientific name for this species has a complex history
(15).In most of the literature the name used is Siphateles bi-
color or else Siphateles in combination with one of the
names now used to designate subspecies. When Siphateles
was merged into the genus Gilg, the name became Gila bi-
color (16). Unfortunately, the blue chub of the Klamath
River system already had the name Gila bicolor, so the early
synonym coertlea was adopted for it (16). Thus G. bicolorin
the literature prior to 1964 is G. coerulea, whereas the tui
chub is S. bicolor.

Distribution In California tui chubs are native mostly to in-
terior drainages, except the Central Valley, and absent from
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all coastal drainages, except where introduced. Because they
are hardy and used (illegally) as bait fish, they can be ex-
pected almost anywhere. In the Great Basin they are (were)
present in many isolated springs and sloughs, including
Cowhead Lake Slough (Modoc County) and High Rock
Springs (Lassen County). They are abundant in Eagle and
Honey Lakes and associated streams (Lassen County), in
Lake Tahoe, and in the Truckee, Walker and Carson River
drainages (where they are abundant in reservoirs). Tui
chubs occur in much of the Owens River drainage, includ-
ing Crowley Reservoir, isolated spring systems in Owens
Valley, and Owens River gorge. The endangered Mohave tui
chub was originally found throughout the Mohave River
drainage but is now found only in San Bernardino County
ponds isolated from its native river, mainly at Soda Springs
(three ponds) and Lark Seep Lagoon (China Lake Naval
Weapons Center). In the upper Klamath River basin Kla-
math tui chubs are found in lakes, sloughs, rivers, and reser-
voirs, downstream as far as Iron Gate Reservoir (although
individuals have been collected downstream to the mouth
of the Klamath River). In the Sacramento~San Joaquin
drainage tui chubs are native only to Pit River downstream
at least as far as Hat Creek and Britton Reservoir and to
Goose Lake (Modoc County and Lake County, Oregon), al-
though they have been introduced into some reservoirs
(e.g., Almanor) and ponds in various locations (e.g., Point
Reyes). Outside California they are found in a number of in-
terior basins of Oregon (Catlow, Harney) and Nevada and
are widespread in the Columbia River system in Washing-
ton and Oregon.

Life History Tui chubs occur in many habitats: isolated
springs, large desert lakes, sloughs, meadow streams, slug-
gish rivers, and backwaters of swift creeks. The key feature
of “typical” tui chub habitat is quiet water with well-
developed beds of aquatic plants and bottoms of sand or
other fine materials (18). Waters containing abundant tui
chubs usually have summer temperatures in excess of 20°C
and are alkaline. However, tui chubs do well under many
limnological conditions—from the cold, clear, oligo-
trophic water of Lake Tahoe to the cool, productive waters
of Pyramid Lake, Nevada, where the total dissolved solids
are greater than 4,700 ppm, approximately 75 percent
sodium chloride. Mohave tui chubs, the southernmost rep-
resentative of the species, can survive temperatures from 2°
to 36°C, but optimal temperatures are between 15° and
30°C (19, 20). This range of temperature tolerance is sur-
prisingly narrow for a “desert” fish but may be typical for
the species. The range of alkalinities tolerated is consider-
ably greater, however, because tui chubs are regularly found
at pH values greater than 9 and can tolerate pH levels of
around 11 (21). Tui chubs are also tolerant of low dissolved
oxygen levels. In Pyramid Lake they are regularly found at
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oxygen levels less than 50 percent saturation, and, when the
water is cold, they will survive at less than 25 percent satu-
ration (i.e., less than 4 mg/liter) (22).

During summer, in large, deep lakes, adult tui chubs tend
to move into deep water during the day and return to
shallow or surface waters at night (11, 23). In Lake Tahoe
the pelagic form (pectinifer) schools well off the bottom,
whereas the benthic form (obesa) shoals close to it. Thus the
benthic chubs more commonly fall prey to lake trout, a deep-
water benthic predator. Young-of-year chubs of both types
remain in shallow water most of the summer, in large shoals,
although strong wave action will drive chubs into deeper wa-
ter among beds of aquatic plants. Larval tui chubs are plank-
tonic (24), and the benthic and planktonic forms begin to
segregate by diet and habitat at about 25 mm TL (12).

In shallow lakes with heavy growths of aquatic vegeta-
tion, such as Tule Lake, Modoc County, shoaling is less no-
ticeable. Chubs tend to be dispersed among the aquatic
plants in small groups, presumably as protection against
predatory birds that are attracted to large aggregations. In
autumn, in all types of lakes, the chubs seek out deep water
in which to spend the winter, presumably on the bottom in
an inactive state. In Pyramid Lake they concentrate at
depths greater than 61 m, where both temperatures and
oxygen concentrations are low (22). The spring reappear-
ance of the chubs, at least in Eagle Lake, Pyramid Lake, and
Lake Tahoe, is both sudden and spectacular, usually coming
in mid-May (4, 11, 14).7. O. Snyder (4, pp. 66—67) described
the spring return in Pyramid Lake vividly:

On May 20 the weather suddenly settled and became
warm. . . . About 2 o’clock the following morning there
was heard a vigorous lapping of the water, which in the
quiet air appeared entirely without cause until it was
found to accompany the leaping of vast numbers of fishes.
Far out and up and down the shores the surface of the wa-
ter fairly boiled. Spring had come, and with it, in the dim
light of early morning, myriads of fishes from the depths
of the lake. Daylight revealed them everywhere, along the
shore, among the boulders, and in the algae, hovering in
enormous schools over the bars and moving about in the
clear water of the sheltered bays.

Tui chubs are opportunistic omnivores with long intes-
tines. Usually the majority of the gut contents consists of de-
tritus, unidentified organic matter, and plant fragments.
Given their abundance in many lakes, they may play an im-
portant role in nutrient cycling. However, it is hard to quan-
tify detritus, so it is usually underreported or omitted from
dietary studies, although it may be quite important nutri-
tionally. In Eagle Lake 82 percent by volume of the gut con-
tents of large tui chubs was detritus, 2 percent was algae, and
the remainder was invertebrates (26). This is probably sim-
ilar to the diet of most chubs over 10 cm SL that are reported
to be feeding mainly on invertebrates. Thus chubs from

ponds and springs were reported as feeding on aquatic in-
sect larvae (especially chironomid midges) and benthic
crustaceans (27, 28), and those from Big Sage Reservoir,
Modoc County, fed on a mixture of plant material, plank-
ton, insect larvae, and small tui chubs (29). In Lake Tahoe
the food of benthic tui chubs was reported as 89 percent
benthic invertebrates, 5 percent fish and fish eggs, 3 percent
plankton, and 3 percent plants (11). The invertebrates con-
sisted mostly of snails, small clams, caddisfly larvae, midge
larvae, and crayfish. Benthic chubs in Pyramid Lake move
into shallow areas at night to feed on insects, algae, and
plant material (4). Detritus is presumably not important in
the diet of pelagic (pectinifer) tui chubs, which feed, using
their long gill rakers, almost exclusively (over 90%) on zoo-
plankton (11, 39). Larval tui chubs feed on planktonic crus-
taceans and rotifers (30). Pelagic tui chubs continue to feed
on zooplankton as they grow larger and as their gill rakers
increase in number, whereas benthic tui chubs gradually
switch to feeding on small benthic invertebrates (12, 25). In
Eagle Lake young-of-year chubs feed on a mixture of ben-
thic invertebrates, zooplankton, and small terrestrial insects
blown in from the surrounding forest (26).

Tui chubs are long lived, although ages of large individ-
‘uals have been consistently underestimated through the use
of scales to age fish. When opercular bones are used for
aging in place of scales (which show signs of partial resorp-
tion in older fish), large adults (3040 cm SL) in Eagle Lake
are aged at 12-33 years (26, 30,42). Using scales, all such fish
were aged at 6-7 years, the age at which they become sexu-
ally mature and growth slows (14, 42). In ponds scales indi-
cate life spans of 3—4 years (31), whereas opercular bones in-
dicate life spans of 6-7 years (28). For the first 2-3 years of
life, scales, opercular bones, and length-frequency distribu-
tions tend to agree with one another for aging the fish. Thus
tui chubs reach 5-10 cm SL in their first year, 6-18 cm in
their second year, and 13-22 cm in their third year (14, 26,
27,31, 32, 42). Growth slows at maturity, usually in the sec-
ond to fourth year. In ponds and springs tui chubs rarely
grow longer than 20 cm SL, but in large lakes fish measur-
ing 30-40 cm SL are common. The largest tui chubs
recorded from Eagle and Pyramid Lakes are around 42 cm
SL (14, 26, 33).

Most spawning takes place between late April and early
July, although in Lake Tahoe spawning apparently contin-
ues until the end of July (11). In springs and warm ponds
spawning may occur from February through late August
(28, 32). Multiple spawning by a single female is probably
common, because all eggs do not ripen at the same time
and larval tui chubs can be found well into August (25).
Fecundities are high. A female from Eagle Lake measuring
28 cm FL contained 11,200 ripe eggs (14); females from an
Oregon population measuring 15-28 cm TL contained
4,140-25,000 eggs (34); and Mohave tui chubs measuring

10-22 cm SL contained 3,800-50,000 eggs (31). Spawning
in most places occurs at temperatures between 13 and 17°C
(14,24, 31), although Mohave tui chubs have been recorded
spawning at 26°C (31). Tui chubs spawn in water less than
1.5 m deep, usually over beds of aquatic vegetation or algae-
covered rocks and gravel, although in Lake Tahoe they
spawn over sandy bottoms or in the mouths of streams
(11, 14, 24). Spawning involves large, swirling aggrega-
tions, apparently with several males attending each female.
In Pyramid Lake obesa and pectinfer forms seem to spawn
at different times and places, reducing the potential for
hybridization (43).

Newly fertilized eggs are 1.5-1.9 mm in diameter and
adhere to aquatic plants or bottom (44). Embryos hatch in
3-6 days, and larvae start feeding soon after hatching. Al-
though the larvae are mainly planktonic, in Eagle Lake they
remain among aquatic plants until they reach about 2 cm
TL, when they move into shallow water along the shore
(14). In Lake Tahoe larvae also seem to concentrate in shal-
low, weedy nursery areas; as they grow, they spread out
along the shore over both rocky and sandy areas (11). Scale
formation starts at 20~25 mm SL.

Status TA-IE. Tui chubs are abundant and widely distrib-
uted, and so are not in trouble as a species. However, a num-
ber of the fascinating and ecologically diverse subspecies are
in serious trouble and need special management.

Klamath tui chub. IE. This subspecies is still common in
the Klamath basin in Oregon and California, although its
numbers may be locally depleted owing to pollution of the
larger lakes. ‘

Cowhead Lake tui chub. IB. Endangered (proposed for
federal listing, 1998). Cowhead Lake, Modoc County, was
an alkaline lake drained to create pasture, although it prob-
ably dried up naturally on occasion. Today chubs survive
only in a slough and ditches that drain the lake bed. During
wet years, the slough may be a narrow channel as much as
6.4 km long for the fish, but during dry years this water may
be reduced to a few pools, especially because inflowing
streams are diverted for use in local ranches. Much of the
slough is on private land, although some is on public (BLM)
land. Most of the perennial water and deep pools, however,
are on private land upstream of public land. The slough is
attractive to cattle, so riparian vegetation that could provide
cover for fish is largely missing and banks are heavily tram-
pled. The drought years of 1986-1992 were especially hard

on this subspecies, and only a small number of individuals

likely survived the summer of 1992 (35).

Goose Lake tui chub. IB. In the summer of 1992 Goose
Lake dried up. As lake levels dropped and the water became
increasingly alkaline, large numbers of chubs were observed
attempting to enter tributary streams, attracting thousands
of white pelicans and other fish-eating birds to feast on
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them. The chubs and other endemic fishes apparently found
temporary refuges in spring-fed pools in the streams, as well
as in some reservoirs in the Thomas Creek drainage in Ore-
gon, in which populations have been established for some
time. Out of concern for the long-term survival of Goose
Lake fishes, a Goose Lake Fishes Working Group was
formed to develop management plans; it drew members
from among agency biologists, private landowners, envi-
ronmental groups, and other interested parties. It is hoped
that implementation of voluntary management measures
on both public and private land will forestall formal listing
of the chub and other Goose Lake fishes as endangered
species (35).

Pit River tui chub. ID. This chub is common in reservoirs
and some streams in the Pit River basin, but its populations
are scattered and status uncertain.

Lahontan lake tui chub. IC, apparently in low numbers.
The pectinifer chub is abundant in Pyramid Lake, Nevada,
and is at least present in Lake Tahoe. The chubs with long
gill rakers and planktivorous diets in Stampede Reservoir
on the Little Truckee River (39) may also belong to this sub-
species, but no reservoir population can be regarded as se-
cure. Concern for this form stems from the presence of
kokanee and opossum shrimp (Mysis relicta) introduced
into Lake Tahoe, which have depleted the zooplankton on
which the chubs feed (35). A more recent threat has been
the establishment of largemouth bass, which may prey on
juvenile chubs in their inshore rearing areas. Their future is
probably more secure in Pyramid Lake. Through most of
the 20th century, levels of this lake fell steadily as the result
of agricultural and urban diversions, but in recent years lake
levels have risen as the result of increased inflows to protect
cutthroat trout and cui-ui.

Lahontan stream tui chub. IE. The obesa chub is abun-
dant and widely distributed in many habitats in watersheds
of'the eastern Sierra Nevada.

Eagle Lake tui chub. ID. Eagle Lake is a large, terminal
lake that enjoys special management to protect a trophy
fishery for endemic Eagle Lake trout. Nevertheless, it does
not pay to be complacent about the future of Eagle Lake and
its native fishes, including tui chub. The lake is growing in
popularity as a tourist destination, and there is likely to be
increased demand to “improve” the fishery, especially by in-
troducing additional species that might prey on tui chub,
compete with it, or spread diseases or parasites to it. Unfor-
tunately, it is all too easy for irresponsible anglers to make
unofficial introductions into the lake. There is therefore a
need for a publicity campaign on the value of the native
fishes, especially to ospreys and the other fish-eating birds
that are abundant on the lake, and on the potential detri-
mental effects of introduced species. Perhaps one approach
would be to promote a fishery for chubs themselves, similar
to the one that once existed on the lake (14). The chubs are
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large in size and tasty if properly prepared. Indeed, they
were once a major food source for indigenous peoples
throughout the Great Basin, especially the smaller ones that
occurred in huge numbers in shallow water (40).

High Rock Springs tui chub. TA. This undescribed, dwarf
tui chub quietly went out of existence in 1989, the victim of
an unsuccessful attempt to farm fish in the effluent of a
desert spring. High Rock Springs, Lassen County, is a warm
spring system located on private land. In 1983 the rancher
was issued an aquaculture permit by CDFG and introduced
1,000 Mozambique tilapia into a facility below the spring.
The tilapia quickly colonized the spring system, and tui
chubs disappeared within 6 years, presumably as a result of
predation on their eggs and larvae (35).

Owens tui chub. IB? This subspecies is listed as endan-
gered by both state and federal governments. Tui chubs are
abundant in the Owens River drainage, especially in Crow-
ley Reservoir. However, R. R. Miller, who described the sub-
species, concluded that the fish in the main river were in
fact introduced Lahontan creek tui chubs that had dis-
placed the native chubs (13). “Pure” Owens chubs were then
assumed to exist only in isolated springs, such as Hot Creek
head springs, in the Owens River gorge (below Crowley
Reservoir), and in Owens Valley Native Fish Sanctuary. The
sanctuary was created specifically to protect endangered
Owens pupfish and Owens tui chub. Because morphologi-
cal differences between Owens and Lahontan chubs are
small, an electrophoretic study was conducted to ensure
that the isolated populations assumed to be Owens tui
chubs had not introgressed with Lahontan tui chubs (36).
This study could not discriminate the isozyme patterns of
the two subspecies, although it did show that each of the
isolated populations had some minor genetic differences
that separated them from each other as well from the pop-
ulation in the main river. These ambiguous results suggest
that more studies are needed, using more sensitive tech-
niques, to determine the relationships among the various
chub populations.

Mohave tui chub. IB. This is another subspecies listed as
endangered by both state and federal governments. The
Mohave tui chub is the only fish native to the Mohave River,
San Bernardino County. In the 1930s arroyo chubs were in-
troduced, presumably as bait, into reservoirs in the head-
waters, They replaced tui chubs throughout the drainage
through a combination of hybridization and superior abil-
ity to resist high flows (20, 37). A single population of Mo-
have tui chub persisted in isolated ponds at Soda Springs,
which they presumably colonized in a major flood of the
Mohave River. The largest of these ponds was converted into
an ornamental lake to benefit customers of a resort, and the
chubs thrived in part on bread thrown to them (31). The old
resort is now a field station of the California State Univer-
sity system, and its ponds and springs are now managed

largely to benefit tui chubs. A number of attempts have been
made to establish Mohave tui chubs in other locations, but
so far such attempts have been successful only in a pond at
the China Lake Naval Weapons Center and in a small artifi-
cial pond near Hinkley, California. A recovery plan has been
developed; the fish will qualify for upgrading to threatened
status when six self-sustaining popuiations of at least 500
fish each are established (38).
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Figure 43. Thicktail chub, 10 cm
SL, Salinas River, CAS 11060.

Thicktail Chub, Gila crassicauda (Baird and Girard)

Identification Thicktail chubs are heavy-bodied fish with
short, deep, thick caudal peduncles; small, cone-shaped
heads; 8-9 rays in both dorsal and anal fins; 16-20 rays in
each pectoral fin; and 810 rays in each pelvic fin. The scales
are large with 49-60 in the lateral line. The pharyngeal teeth
(2,5-4,2) are sturdy and hooked. The 8-14 gill rakers (usu-
ally 10-12) are stubby and toothlike in appearance. The
backs of living fish apparently ranged in color from green-

4cm

ish brown to purplish black; the sides and belly were yel-
lowisH (1).

Taxonomy Although the thicktail chub is superficially sim-
ilar to the tui chub, its double row of pharyngeal teeth sug-
gests it is closer to members of the genus Gila. Its taxonomic
position among the California minnows remains to be de-
termined.

Names Thicktail is a reference to the wide caudal peduncle.
Other common names include Sacramento chub and thick-
tail. Crassicauda means thicktail. For other names, see the
accounts of tui chub and blue chub.

Distribution Thicktail chubs were once distributed through-
out the Central Valley in lowland areas, in Clear Lake
(Lake County), and in streams tributary to San Francisco
Bay (1, 2), as well as in the Pajaro and Salinas Rivers (3, 7,
8). The species is extinct.

Life History Little is known of the habits of these once-
abundant minnows because no one took an interest in them
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until they had become extremely rare. What little is known
is summarized in Miller (1), who examined 101 fish rang-
ing from 49 to 268 mm SL. He estimated that these com-
prised 98 percent of all specimens in scientific collections.
Thicktail chubs were originally abundant in Jowland lakes,
sloughs, slow-moving stretches of river, and, during years
of heavy runoff, surface waters of San Francisco Bay (2).
The stubby gill rakers, short intestine, and stout, hooked
pharyngeal teeth indicate that thicktail chubs were carniv-
orous, probably feeding on small fish and large aquatic in-
vertebrates (1). They were part of the original valley floor
fish assemblage that included hitch, Sacramento blackfish,
Sacramento sucker, Sacramento perch, and tule perch (8).
Thicktail chubs occasionally hybridized with hitch, and the
hybrids were originally described in 1908 as a separate
species (1).

Status IA. Bones of thicktail chub are among the most
abundant fish remains in Native American middens along
the Sacramento River (4) along tributary streams such as
Putah Creek (2, 5) and in the Pajaro-Salinas drainage (3, 7,
8). In the 19th century the species was abundant enough to
be common in the fish markets of San Francisco and to be
served in saloons in Sacramento (6). By 1884, however, the

Sacramento Daily Record-Union (Feb. 9) reported that it was
already “scarce in the river” and rarely appeared in the mar-
kets. Only a few were collected in the 20th century, with the
last known specimen caught from the Sacramento River
near Rio Vista in 1957, one of two specimens collected in
that area since 1938 (2, 6). Extensive sampling of the Delta
and lowland habitats of the Central Valley in recent years
has failed to find any chubs.

Thicktail chubs most likely became extinct because they
were unable to adapt to the extreme modification of valley
floor habitats, particularly removal of tule beds, drainage
of large, shallow lakes, reduction in stream flows, and
modification of stream channels. However, equally or even
more important was the introduction of alien predators,
especially striped bass and largemouth bass. Thicktail chub
may have been exceptionally vulnerable to predation, as
indicated by their disappearance from Clear Lake, where
habitat modifications were less severe than in the Central
Valley.
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Figure 44. Blue chub, 15 cm SL,
Tule Lake, Siskiyou County.
Drawing by A. Marciochi.

Blue Chub, Gila coerulea (Girard)

Identification Blue chubs have moderately slender, com-
pressed bodies, pointed snouts, relatively large eyes, and ter-
minal mouths that extend back to the front of the eye. They
have moderately fine scales (58-71 in the lateral line), 9 dor-
sal fin rays, 89 anal fin rays, and 14-17 rays in each pectoral
fin. The two rows of pharyngeal teeth (2,5-5,2) are sharp
and slightly hooked. The lateral line is decurved. They sel-
dom exceed 35 em SL and, alive, tend to be silvery on the
sides and dusky on the back. Spawning males have blue
snouts and are tinged with orange on the sides and fins.

Taxonomy The distinctiveness of this chub has been recog-
nized ever since it was described by Charles Girard in 1856.
Biochemical studies confirm its distinctiveness, even from
other members of the genus Gila (10).

Names Gila is after the Gila River, New Mexico and Ari-
zona, from which it was mistakenly assumed the first fish
named to this genus had been collected; it actually came
from the Zuni River, New Mexico (12). Blue (coerulea) chub
is not very descriptive because they are no more or less blue
than most California minnows, except for the blue snout of
breeding males. For reasons explained in the account of tui
chub, blue chubs were listed as Gila bicolor before 1964.

Distribution Blue chubs are widely distributed at lower el-
evations in the upper Klamath and Lost River systems of
Oregon and California. In California they are found in
Clear Lake Reservoir, Lost River, Lower Klamath Lake, and
Tule Lake, as well as in canals and tributaries feeding them.,
Their native distribution was presumably above Klamath
Falls, but they have now colonized Iron Gate and Copco
Reservoirs downstream (in California) from the falls.
They may have been introduced into other drainages in
Oregon (3).

Life History Blue chubs are most abundant in warm (sum-
mer temperatures >20°C), quiet waters with mixed sub-
strates (1). In the laboratory they lose equilibrium at tem-
peratures of 28-33°C (mean, 31.5°C) (4), although they
have been collected in the wild at temperatures as high as
32°C (11). Blue chubs are especially abundant in lakes, but
they occur in a variety of habitats, from small streams and
rivers to shallow reservoirs and deep lakes. In Boles Creek
watershed, a tributary to Clear Lake Reservoir (Modoc
County), they are common in permanent and intermittent
sections, but most abundant in the small, shallow, weedy
reservoirs on larger streams (5). In Upper Klamath Lake,
Oregon, they are (or were) most numerous along rocky
shores or in open water (2). They seem to avoid marshy
shore areas. They have a high tolerance for low levels of dis-
solved oxygen, losing equilibrium at oxygen levels of 0.6-1.5
mg/liter at 20°C (4). Despite this tolerance, they are today
largely excluded from deeper parts of Klamath Lake in sum-,
mer because of oxygen depletion (2). As winter sets in and
oxygen levels rise in deep areas, the chubs will move into
them. In lakes blue chubs are often conspicuous as large
schools moving in and out of shallow water.

Blue chubs are omnivorous. Twenty chubs from Willow
Creek, Modoc County, in August 1972 (all 1 year old, 29-59
mm SL) had fed mostly (66% by volume) on chironomid
midge larvae and pupae and on small numbers of water
boatmen, water fleas, aquatic insect larvae, and various fly-

ing insects. Sixteen 2-year-old chubs (61-109 mm SL) had
fed heavily on filamentous algae (68%) and aquatic and ter-
restrial insects. A similar diet was recorded for an Oregon
population (6).

Like tui chubs, with which they are nearly always found,
blue chubs grow fairly fast in their first 24 years of life, un-
til they become mature at about 12-15 cm SL. After matu-
rity, growth is slow, but the chubs are long lived and can
reach at least 38 cm FL (7). A 34 cm FL chub was aged at 17
years (8).

Spawning occurs at any time from May through August,
depending on locale and water temperatures (3). In Upper
Klamath Lake, Oregon, spawning occurs in May and June
over shallow gravelly or rocky areas at temperatures of
15-18°C. Spawning behavior in the lake was witnessed by
C. R. Hazel (13):

On the afternoon of May 4, 1966, I observed an estimated
200-300 blue chubs spawning at the shoreline on the
northern end of Eagle Ridge. Spawning was taking place
from near the surface to a depth of 0.3 to 0.5 m. The bot-
tom was composed of large gravel and rubble of volcanic
origin. The water was clear with a low concentration of
blue-green algae (Aphanizomenon) . . . [and] the water
temperature was 17°C. Two to several males would ap-
proach a female and exhibit rapid and violent agitations
of the water, making it impossible to see exactly what was
taking place. In some instances the female was pushed
from the water onto dry land, and in a few situations, eggs
were spawned outside the water. After these activities, egg
masses were found attached to [submerged] rocks either
on the sides or near the bottom edge. Many of the depo-
sitions were found along rocky edges at depths to 0.5 m.

Status 1C. The blue chub was historically an extremely
abundant fish within its limited range, and it remains a
common fish in Upper Klamath and Agency Lakes, Oregon
(9). However, its overall populations apparently declined in
the 1980s and early 1990s as a result of multiple factors:
drought, water diversions, pollution, and introduced
species. The drought created additional stress in a system
already stressed by the other factors. Diversions of water
have dried up lowland habitats preferred by chubs or al-
lowed organic pollutants to become so concentrated that
upper and lower Klamath Lakes and Tule Lake are difficult
for native fishes to inhabit. Lakes of the upper Klamath
drainage are sumps for agricultural runoff, which carries
fertilizers and animal waste, becoming increasingly eu-
trophic and less favorable to fish life, even when lake levels
are high. In addition, alien fathead minnows, highly toler-
ant of polluted waters, have proliferated in recent years,
with unknown effects on blue chubs and other native fishes
(9). The best refuges appear to be the Boles Creek water-
shed and Clear Lake Reservoir in California, where blue
chubs remain abundant (5, 8).
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Figure 45. Arroyo chub, 8 cm SL,

Arroyo Chub, Gila orcutti (Eigenmann and Eigenmann)

Description Arroyo chubs are small, chunky fish that reach
lengths of 120 mm SL; typical adult lengths are 70~100 mm.
They have fairly deep bodies and caudal peduncles; large
eyes (for a cyprinid); short, rounded snouts; and small, sub-
terminal mouths. The pharyngeal teeth are hooked and
closely spaced, with a formula of 2,5-4,2 (but counts may
vary by 1-2 teeth). They have 7 anal fin rays and 8 dorsal fin
rays. Gill rakers number 5-9. The lateral line has 48—62
scales, extends to the caudal peduncle, and is not decurved.
Body color is silver or gray to olive green dorsally and white
ventrally, usually connected with a dull gray lateral band.
Males are distinguished from females by their larger fins
and, when breeding, a prominent patch of breeding tu-
bercles on the upper surface of each pectoral fin (1).
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Ventura River, Ventura County.

Taxonomy Miller (11) placed both Gila orcutti and G. pur-
putea, from Mexico and southeastern Arizona, in the sub-
genus Temeculing, indicating their distinctiveness. Analysis
of mitochondrial DNA indicates a close relationship to
other Gila from the Southwest, including the Colorado
River (13).

Names Arroyo chubs are named for the gullies and small
canyons (arroyos) of their native southern California. Gila
is explained in the account of blue chub. Orcutti is for the
botanist C. R. Orcutt, who in 1889 collected the first speci-
mens, using a blanket as a seine (2).

Distribution Arroyo chubs are native to the Los Angeles,
San Gabriel, San Luis Rey, Santa Ana, and Santa Margarita
Rivers and to Malibu and San Juan Creeks (3). They have
been successfully introduced into the Santa Ynez, Santa
Maria, Cuyama, and Mojave River systems and other
smaller coastal streams (e.g., Arroyo Grande Creek) (4). The
most northern introduced population is in Chorro Creek,
San Luis Obispo County. They are now extirpated from
much of their native range, remaining abundant only in up-
per Santa Margarita River and its tributary De Luz Creek;
Trabuco Creek below O’Neill Park; and San Juan Creek (San
Juan Creek drainage), Malibu Creek (5), and West Fork of
the upper San Gabriel River below Cogswell Reservoir (5).
They also occur (but are scarce) in Big Tujunga Canyon; Pa-
coima Creek above Pacoima Reservoir; the Sepulveda Flood
Control Basin, Los Angeles River drainage; and middle

Santa Ana River tributaries between Riverside and the Or-
ange County line (5).

Life History Arroyo chubs are adapted to the warm, fluctu-
ating streams of the Los Angeles Plain. Prior to the arrival
of civilization and concrete, these streams were fluctuating,
often muddy torrents in winter and clear brooks in summer,
intermittent in some lower reaches. Arroyo chubs are most
abundant in slow-moving or backwater sections of warm to
cool (10-24°C) streams with muddy or sandy bottoms, but
they are also found in fairly fast-moving (velocities of 80
cm/sec or more) sections of stream with coarse bottoms
(12). They prefer depths greater than 40 cm (3, 12). Labo-
ratory studies indicate that arroyo chub are physiologically
adapted to survive the hypoxic conditions and wide tem-
perature fluctuations common in coastal streams (6). In
these habitats the chubs were originally associated with
Santa Ana suckers, speckled dace, brook lampreys, three-
spine sticklebacks, and, in headwaters, rainbow trout.

They are omnivorous, feeding on algae, insects, and
small crustaceans. However, in warmwater streams, most
(60-80%) stomach contents consist of algae (7). They are
also known to feed extensively on nematode-infested roots
of floating water fern (Azolla). Invertebrates increase in the
diet in number and variety during spring and are least
abundant during winter (8). In a coolwater stream arroyo
chubs fed largely on benthos, especially molluscs and cad-
disfly larvae, while sympatric rainbow trout fed largely on
drifting invertebrates (9).

Arroyo chubs in the Santa Clara River reach about 60
mm SL in their first year, 70-75 mm in their second year,
75—80 mm in their third year, and 80-90 mm in their fourth
year (1). Females first reproduce at 1 year of age. After their
second year, females grow larger than males. Arroyo chubs
rarely live beyond 4 years. ‘

They are fractional spawners that breed more or less con-
tinuously from February through August, although most
spawning is in June and July, in pools or in quiet edge water
at temperatures of 14-22°C (1). During spawning, males fol-
low a ripe female while actively rubbing their upper snouts
below the female’s pelvic fins. Rubbing and chasing lead to
egg release, and eggs may be fertilized by more than one male
(1). Embryos adhere to the bottom or to plants and hatch in
4 days at 24°C. The fry spend a few days after hatching cling-
ing to the substrate but rise to the surface once the yolk sac
has been absorbed (1). The next 3—4 months are spent in
quiet water in the water column and usually among vegeta-
tion or other flooded cover. Arroyo chubs readily hybridize
with California roach (7, 8) and Mojave tui chubs (10). As
noted in the tui chub account, Mojave tui chubs have been
completely eliminated from the Mojave River by arroyo
chubs (6, 10).

Status IC. Arroyo chubs are presently common at only four
places within their native range (5). They are scarce within
their native range because the low-gradient streams in
which they do best have largely disappeared (5). During
1986-1990, low-water conditions in the West Fork of the
San Gabriel River were favorable to the chubs, allowing a
temporary increase in numbers. The chubs became scarce
again after the 1991-1992 rains but were common in 1993.
Arroyo chubs are common in some streams where they have
been introduced, especially the Santa Clara River, but such
introduced populations have a history of hybridization with
other cyprinids (although not in the Santa Clara River) (15)
and cannot be regarded as secure (or genetically pure) (5).

If arroyo chubs were not abundant in a number of wa-
ters outside their native range and had they not thrived in

-those waters, they would qualify for listing as a threatened

species. Their native range, like that of the sympatric Santa
Ana sucker, is largely coincident with the Los Angeles met-
ropolitan area, where most streams are degraded and fish
populations reduced and fragmented, especially the low-
gradient reaches that were optimal habitat (5). Populations
in the Cuyama and Mojave Rivers are hybridized with Cal-
ifornia roach and Mojave chub, respectively (7, 10). Re-
cently red shiners have been introduced into arroyo chub
streams, and they may be excluding chubs from many areas
(14). Chubs generally. decline when red shiners and other
exotics become abundant (15). In the Santa Margarita River
a dramaticincrease in arroyo chub abundance was noted af-
ter extreme high-flow events in 1997-1998 reduced the
abundance of green sunfish, largemouth bass, redeye bass,
and black bulthead (14). The potential effects of introduced
species, combined with the continued degradation of ur-
banized streams, mean that this species is not secure, despite
its fairly wide range.

Because of the uncertain status of most populations, an-
nual surveys are needed for this species in its native range;
these should be performed every five years at all known
sites. Streams should be managed to favor arroyo chubs
and other native fishes of the region. The strongest candi-
date for a native fish refuge is the West Fork of the San
Gabriel River. In regulated streams releases that mimic the
natural flow regime should favor arroyo chubs and other
native fishes.
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Bonytail, Gila elegans Baird and Girard

Identification Bonytails are readily recognized by their ex-
tremely narrow caudal peduncle and deeply forked tail; fine,
embedded scales (75-99 along the lateral line); and small,
flattened heads with small, elliptical eyes and terminal
mouth. There is usually a conspicuous hump behind the
head. Scales may be lacking on the dorsal and ventral sur-
faces as well as on the caudal peduncle. Dorsal and anal fin
rays usually number 10-11; pelvic fin rays number 9-10.
The pharyngeal teeth (2,5-4,2) are closely spaced, com-
pressed, and hooked. The color of the back and sides ranges
from dusky green to metallic blue with fine speckling; the
belly is silvery to white. Breeding males become reddish or-
ange on the head and sides below the lateral line and on the
base of the anal and pectoral fins. Young fish lack the exag-
gerated morphology of the adults and bear a fairly close re-
semblance to young Colorado pikeminnow and other Col-
orado River Gila species.

Taxonomy The bonytail is one of four closely related Gila
species in the Colorado River system. Miller (1) thought
that this Gila “complex” could best be divided into two
species: G. cypha, the bizarre humpback chub of the Grand
Canyon, and G. robusta, the Colorado chub with four sub-
species: G. . robusta, G. 1. elegans, G. . seminuda, and G. r.
intermedia. There now seems little doubt (2, 12) that the
bonytail deserves recognition as a full species, as recom-
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Figure 46. Bonytail, 30 cm SL,
Green River, Wyoming. Drawing
by A. Marciochi.

mended originally by Minckley and Deacon (3). Studies in-
dicating that G. elegans, G. cypha, G. intermedia, and G. ro-
busta are ecologically and reproductively segregated sup-
port this conclusion (2, 5, 14). The different forms of Gila
presumably evolved to meet special ecological conditions in
the Colorado River’s varied waterways: G. cypha in the swift
and turbulent water of the Grand Canyon and similar habi-
tats in the Green and upper Colorado Rivers; G. robusta in
the quieter pools and slower-moving waters of the main
tributaries; G. intermedia for conditions in tributaries to the
Gila River, Arizona, and G. elegans in the fast waters of the
main river (14).

The taxonomy of these forms haslong been uncertain be-
cause of hybridization among them (2, 4). However, Dowl-
ing and DeMarais (5) demonstrate that past hybridization is
probably responsible for providing the genetic diversity nec-
essary for development of the extreme morphological and
ecological diversity among them. Indeed, a species (G. semi-
nuda) endemic to the Virgin River, Utah, arose as a hybrid
between G. elegans and G. robusta (5). In any case, the bony-
tail is the most distinctive of the forms from both a mor-
phological and a genetic perspective (14).

Names Elegans means elegant. Members of the Colorado
Gila complex are commonly referred to as Colorado chubs.
An old common name for bonytail is Gila trout. For other
names, see the account of tui chub.

Distribution Bonytails were originally widely distributed
in the mainstem Colorado River and its tributaries in
Wyoming, Utah, Colorado, Arizona, California, and New
Mexico, as well as in Mexico. In California they were found
only in the Colorado River where it borders the state. Today
the principal wild population is in Mohave Reservoir, up-
stream from California, and this population is maintained
primarily by stocking fish from the Dexter National Fish
Hatchery (New Mexico) (4, 6). If any wild fish still exist in
California, they would be large, old individuals in Havasu
Reservoir. A few such individuals may also persist in the up-
per Colorado River. Fish from the Dexter Hatchery, how-

ever, were planted in Havasu Reservoir and the upper Col-
orado and Green Rivers starting in 1998 (13).

Life History Bonytails are usually considered to be prima-
rily inhabitants of swifter waters of the large rivers of the
Colorado system. This conclusion is based on their stream-
lined morphology, consisting of a slim, elongated body;
fine, deeply embedded scales; wide pectoral fins; narrow
caudal peduncle; and nuchal hump. According to Minckley
(6), the limited information available on bonytail habits in-
dicates they actually lived in flowing water in the less tur-
bulent moving parts of the river, especially in areas with
sandy bottoms. They apparently maintained themselves in
the water column, where they could feed on insects and
other food drifting in the current. Their odd morphology
would not only help them maintain their position in such
conditions, but also presumably help them persist through
high-flow events or escape predators by moving through
swift water. The water in which they were found was pre-
sumably often very turbid. In reservoirs they are a mid-
water species, aggregating over shoals 5-10 m deep a short
distance from shore (6).

Vanicek and Kramer (6) found large bonytail (>20 cm TL)
to be omnivorous surface feeders, taking terrestrial insects,
filamentous algae, and plant debris such as leaves, stems,
seeds, and horsetail stems. In reservoirs they will feed on zoo-
plankton, algae, insects, and organic debris (6). Small fish (<3
cm TL) feed mostly on aquatic insect larvae; they become
more dependent on drifting food as they grow larger (7).

The one study of a natural riverine population of bony-
tail indicates that they may grow to about 5.5 cm TL and 1
g in their first year, 10 cm TL and 8 g in their second year,
and 16 cm TL and 31 g in their third (6). Breeding size
(30-40 cm TL) was probably reached in 4-5 years. However,
bonytail have the capacity to reach large sizes quickly. Un-
der artifical conditions, they may grow over 30 cm in their
first year (7). The largest fish known is about 64 cm TL, but
most adults are 40-60 cm TL (4, 6). Growth slows drasti-
cally once reproduction begins, but adults may reach ages
of 3449 years (7).

Spawning apparently took place historically in May and
June over gravel riffles or rubble-bottomed eddies at water
temperatures of 15-20°C (6, 11), but bonytail have also
been observed to spawn in reservoirs and in muddy-
bottomed ponds at the Dexter National Fish Hatchery.
Breeding behavior was observed in Mohave Reservoir,
Nevada, in May (8). About 500 bonytail congregated over a
gravel-covered shelf 9 m deep. As is typical of such cyprinid
spawning groups, the males outnumbered the females by 2
to 1, and each spawning female was attended by 3—5 males.
Eggs were broadcast over the gravel, to which they adhered.
The spawning areas were not defended, and common carp
were observed in the area, apparently feeding on the spawn.

The spawners were 28-36 cm TL. A female of 31 cm TL con-
tained about 10,000 eggs.

Young fish are apparently planktonic for a short time af-
ter they hatch, but they are soon found in the quiet, shallow
waters of the river’s edge. In this habitat they are extremely
vulnerable to predation by nonnative fishes that also aggre-
gate there.

Status TA. Extinct in California as a naturally spawning,
self-sustaining population, although individuals may be
present as the result of planting programs. They are likewise
extinct in almost all of their former range. The only re-
maining population of any size is in Mohave Reservoir,
Nevada, and even this population is maintained by plants of
fish from the Dexter National Fish Hatchery. A similar pop-
ulation exists in the upper Colorado and Green Rivers.

The effective extinction of bonytail is a legacy of the
extreme development of the system for human use. The
original river was seasonally warm and muddy with large
annual fluctuations in flow. It has been replaced by cold,
clear sections of river with regulated flows, by huge reser-
voirs of quiet water, and, in California, by a warm, depleted
river that is polluted with salts and toxic chemicals. When
big dams on the Colorado were being built, native species
such as bonytail were considered trash fish that might in-
terfere with the development of reservoir fisheries. There-
fore, in 1962—1963, the largest deliberate fish poisoning op-
eration ever attempted was carried out in the upper basin,
mainly in the Green River and its tributaries (9). Over 715
km of river were poisoned, and millions of fish were killed.
The kill was far from complete, but the native fishes never
really recovered, although changes to the river caused by
dams were probably mostly responsible for this outcome. It
is nevertheless possible that, if the operation had not oc-
curred, remnant populations of bonytail and other native
fishes would persist in the upper basin reservoirs, as they do
in Mohave Reservoir (9).

Persistence of bonytail in Mohave Reservoir indicates
that adults can adapt to reservoir conditions. Indeed, they
were once apparently among the most abundant fishes in
Lake Cahuilla, an immense Pleistocene lake that existed pe-
riodically in the basin now occupied by the Salton Sea (10).
Unfortunately, they do not seem to be able to complete their
life cycle successfully in reservoirs. There is some evidence
that they can survive and spawn in the modified riverine
habitats, even those with reduced temperatures (11). Thus
the most important proximate reason for their decline
seems to be predation on embryos and young by alien
fishes, such as common carp, threadfin shad, red shiner,
channel catfish, green sunfish, and other species that thrive
in reservoirs and backwater habitats. The ultimate reason
for their decline, however, is the extreme modification of
flows, habitats, and water quality of the Colorado River,
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because such conditions favor alien fishes. Thus the long-
term survival of this species in the wild is questionable, be-
cause it probably will depend on continued hatchery prop-
agation of young fish. Hatchery populations are subject to
a variety of ills, from inbreeding (although so far this does
not seem to be a problem) (4), to disease epidemics, to loss
of funding for hatchery operations.

References 1.R.R. Miller 1946. 2. Holden and Stalnaker 1970.
3, Minckley and Deacon 1968. 4. Minckley et al. 1989. 5. Dowl-
ing and DeMarais 1993. 6. Vanicek and Kramer 1969. 7. Minck-
ley 1991b. 8. Jonez and Sumner 1954. 9. Holden 1991. 10. Gob-
alet 1994, 11. Marsh 1985. 12. Simons and Mayden 1998. 13.
Newsletter, Upper Colorado River Endangered Fish Recovery
Program, 1998. 14. Minckley and De Marais 2000.

Figure 47. Lahontan redside, 8 cm

Lahontan Redside, Richardsonius egregius (Girard)

Identification Lahontan redsides are rather small and slen-
der minnows (body depth divisible about 4 times into SL)
with large eyes, terminal mouths, and deeply forked caudal
fins. They are easiest to identify when in their spectacular
breeding colors: a scarlet stripe in a field of yellow on each
side, a shiny olivaceous back, and a silvery belly. In non-
breeding fish, the red color is greatly reduced or absent, but
the stripe is still visible as a lateral band. The mouth is
slightly oblique, the maxillary barely reaching the front edge
of the eye. There are 7-8 (usually 8) dorsal fin rays, 8-10
(usually 9) anal fin rays, and 52-63 scales in the lateral line.
Scales on the back behind the head tend to be crowded be-
fore the dorsal fin, Pharyngeal teeth (2,5-4,2) are strongly
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SL, Willow Creek, Lassen County.

hooked, and gill rakers are stubby, tending to expand toward
the tips. The intestine is S-shaped, shorter in length than
the body.

During spawning both sexes develop breeding tubercles
on the body and head, but those on the males are larger and
more numerous, and also occur on the pectoral fins. Males
tend to be darker in color with a more intensely red stripe.
When pressed down, the pectoral fins of males usually reach
the base of the pelvic fins; those of females do not (1).

Taxonomy The Lahontan redside is closely related to a sim-
ilar species (R. balteatus) in the Columbia River drainage
and somewhat more distantly related to eastern minnows of
the genus Clinostornus, also sometimes included in the

genus Richardsonius (15). More distantly, it is related to the .

various species of Gila. Lahontan redsides hybridize with
tui chubs and speckled dace (12, 13).

Names A variety of unofficial common names have been

applied to the Lahontan redside, all referring to its breed-
ing colors: Lahontan redshiner, Lahontan redside shiner,
redside minnow, redside bream, red-striped shiner. Richard-
soniusis after Sir John Richardson (1787-1865), an English
naturalist who described the only other species assigned to
this genus, R. balteatus. Egregius means surprising. Just
what surprised Charles Girard when he described this
species in 1858 from a single specimen is not known. The
complex history of its scientific nomenclature is given in La
Rivers (2).

Distribution Lahontan redsides are native to streams and
lakes of the old Lake Lahontan basin in northern Nevada
and northeastern California. In California they are native to
the following Great Basin drainages: Eagle Lake, Susan
River, Truckee River, Walker River, and Carson River. They
have been introduced into the Sacramento River system in
several watersheds, so may be present in unexpected places
outside their native range. Kimsey (3) reported a popula-
tion in Mill Creek at the headwaters of the Rubicon River.
This population, with those of other Lahontan fishes, may
have been the result of a bait bucket introduction, although
only a low divide separates the two drainages. More certain
bait bucket introductions are in Bucks Lake, which drains
into the North Fork Feather River; Loon Lake, which
drains into the American River (16); various headwaters of
the North Fork of the Mokelumne River around Bear Val-
ley Reservoir; and Frenchman Reservoir and nearby streams
(Frenchman, Little Last Chance, and Ramelli Creeks) in the
upper Middle Fork Feather River drainage (17). Rutter (4)
found redsides and other Lahontan fishes in Warner Creek,
a tributary to the North Fork Feather River, but it is not
known if they are still present there. An additional intro-
duced population is present in Saddlebag Lake, Mono
County (14). In theory, these last fish have access to south-
ern California reservoirs by way of the Owens Aqueduct
system.

Life History The habitat of Lahontan redsides was well de-
scribed by Snyder (5, p. 54):

This beautiful little fish is almost universally distributed
throughout the brooks, rivers, and lakes of the region. It
is found not only in the lower courses of the rivers where
the water is deep and quiet, but it also stems the swift cur-
rents of the high mountain tributaries, following closely
in the wake of the smallest trout. . .. It delights in the slow
riffles and the quiet, shallow pools where large numbers
may be seen swimming lazily about over the submerged
bars, occasionally turning their silvery sides to the bright
sun. In the lakes it congregates in large schools, swimming
about submerged logs, tops of fallen trees, wharves, and
other sheltered places.

In small streams, redsides prefer deep pools, where they
shoal near the surface. Adults aggregate in higher-velocity
water at the heads of pools, while juveniles prefer quieter
water along edges or in backwaters (6). Their abundance in
streams seems to be negatively affected by high winter flows
(7) and by high densities of piscivorous brown trout. Red-
sides have shown considerable capacity to colonize reser-
voirs and may reinvade lower reaches of impounded
streams in large numbers (7).

In lakes redsides are a shoaling littoral zone species that
can live in a wide variety of conditions, from the cold waters
of Lake Tahoe, to the alkaline waters of Eagle Lake (pH 9 or

more), to fluctuating reservoirs. Typically they swim about
inlarge schools close to the surface, generally staying overar-
eas that have rocky bottoms, During the winter months, af-
ter water temperatures drop below 10°C, redsides disappear
from shallows, presumably spending the cold months rela-
tively inactive on rocky bottoms in deep water (1).

As their hooked pharyngeal teeth, short gill rakers, short
intestine, and oblique mouth suggest, redsides are oppor-
tunistic feeders on invertebrates. In Lake Tahoe their diet
consists about equally of surface insects, bottom-living insect
larvae, and planktonic crustaceans (8); the predominant
items in their stomachs vary with the area from which they
have been feeding as well as with time of day. Thus in one
study the percentage of bottom organisms in different
samples ranged from 9 to 99 percent; the percentage of sur-
face organisms, from 1 to 87 percent; and the percentage of
planktonic forms, from 0 to 92 percent (8). Redsides in Tahoe
feed at any time of day or night, but flying insects seem to be
favored in evening and night; bottom and planktonic forms
are favored during the day. In Eagle Lake (Lassen County)
redsides feed mainly on planktonic cladocerans, caddisfly
larvae, and amphipods (9). Individuals feed predominantly
on one or another of the three, rarely mixing prey.

In small streams, redsides feed mainly on drifting in-
sects, especially during daylight hours, but they will also
feed on benthic insects and algae (6, 9). In Willow Creek,
Lassen County, their diet is predominantly benthic inverte-
brates, especially caddisfly larvae and snails, which are taken
mainly at night. The reason for night feeding seems to be
exceptionally heavy predation pressure from aquatic birds
(e.g., egrets, herons, kingfishers, pelicans), which forces the
fish to be less active and remain in deeper cover during the
day (9). Redsides in streams will also feed on the eggs of
spawning Tahoe suckers (5, 8), and in some instances egg
predation may limit sucker populations (7).

Studies on the age and growth of redsides indicate that
growth rates are similar in streams, lakes, and reservoirs, al-
though they are somewhat slower in colder streams and
lakes, such as Lake Tahoe. Redsides average 34-55 mm SL
(1-2 g) at the end of the first year, 51-63 mm (25 g) in the
second year, 65-73 mm (7-9 g) in the third year, and 75-80
mm (9-11 g) in the fourth year (1, 10). Occasional fish will
reach 14-17 cm SL. A single fish measuring 16 cm TL was 5
years old (16).

Based on size, most redsides become mature in their
third or fourth summer. A few may mature in their second
summer. The average number of eggs in 16 females from
Lake Tahoe was 1,125 (1). The right ovary contains the ma-
jority of eggs. Spawning takes place at any time from late
May through August, but most spawning seems to occur in
the last 2 weeks of June at water temperatures of 13-24°C.
In Lake Tahoe redsides either migrate up tributaries, such as
Taylor Creek, to spawn over sand and gravel at the down-
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stream end of pools, or spawn in shallows (<1 m) over
gravel or small rocks (1, 11).

Spawning, according to Miller (8), “provides a scene of
excitement, urgency, and confusion from which the ob-
server despairs of any constructive outcome.” Groups of
20-100 spawning fish swim about in a tight, swirling school
close to the bottom. Release of sex products occurs when a
small cluster of fish drops to the bottom and presses against
the rocks. The fertilized eggs sink into crevices and adhere
to surfaces.

After hatching, young fish leave for quiet, shallow water,
often near the mouths of spawning streams. These areas
usually have a protective cover of floating debris or over-
hanging bushes. Frequently small redsides shoal with young
of other cyprinid species.

Status IE. Lahontan redsides are still abundant in most of
their native range. Although they have been eliminated
from a few streams by diversions, they have also successfully
colonized a number of reservoirs, as well as streams, lakes,
and reservoirs outside their native range. In some small
streams their numbers may be limited by predation by non-
native brown trout.

References 1.Evans 1969. 2. La Rivers 1962. 3. Kimsey 1950. 4.
Rutter 1908. 5. Snyder 1918. 6. Moyle and Vondracek 1985. 7. Er-
man 1986, 8. R. G, Miller 1951. 9. P. B. Moyle and students, un-
publ. rpts. on Eagle Lake. 10. P. B. Moyle, unpubl. data. 11. Tay-
lor 1990. 12. Hopkirk and Behnke 1966. 13. Calhoun 1940. 14. S.
Parmenter, CDFG, pers. comm. 1998. 15. Simons and Mayden
1998. 16. Wang 1986. 17. R. Decoto, CDFG, pers. comm. 1999.

Hitch, Lavinia exilicauda Baird and Girard

Identification Hitch have deep, laterally compressed bod-
ies, small heads with upward-pointing mouths, moderately
large scales, and decurved lateral lines. The body tapers to a
narrow caudal peduncle, which supports a large forked tail.
Hitch lack a sharp keel on the belly. They can reach lengths
in excess of 35 cm SL, with the body becoming deeper as
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Figure 48. Hitch, 12 cm SL, Co-
sumnes River, Sacramento County.

length increases. The long anal fin (11-14 rays) separates
the species from most other California minnows; the origin
of the dorsal fin (10-13 rays) is behind that of the pelvic
fins. There are 54-62 lateral line scales and 17-26 gill
rakers. The pharyngeal teeth (0-4 or 5-0) are long and nar-
row, slightly hooked, yet with fairly broad grinding surfaces.
When small, hitch are silvery with a black spot at the base of
the tail. Older fish lose the spot and become darker, with the
largest fish approaching brownish yellow on the back.

Taxonomy Hitch are muost closely related to California
roach, with which they hybridize to produce fertile off-
spring (1). Hitch-roach hybrids are common in some larger
tributaries of the Pajaro River and in the lower portions of
Coyote and Alameda Creeks. Hitch also hybridize with
Sacramento blackfish, although the hybrids are apparently
sterile (2). They hybridized in the past with thicktail chub
(4,20).

The Clear Lake subspecies, L. e. chi, was described by
Hopkirk (3) as a lake-adapted form. Another subspecies,
Lavinia e. harengus from the Pajaro and Salinas Rivers, was

described by Miller (4), based on its greater body depth and
lower fin ray counts as compared with L. e. exilicauda, the
Central Valley subspecies. However, L. e. exilicauda exhibits
sexual dimorphism based on body depth, and there is con-
siderable variability in body size and proportions among
populations, so L. e. harengus should be reexamined (3).
There is also a need to examine variation within Central
Valley populations to see if other distinctive forms exist.

Names The name hitch is derived from the Pomo Indian
name for this fish, as is the related name chi (5). However,
Hopkirk (3) indicates that the name may have originally
applied to Clear Lake splittail. Lavinia is a Latin feminine
name whose application to hitch is somewhat of a mystery.
The narrow caudal peduncle inspired exili-cauda (slender
tail).

Distribution Hitch are native to the Sacramento-San
Joaquin, Clear Lake, Russian River, and Pajaro-Salinas
drainages. They have scattered populations throughout the
Central Valley, from the Tulare Lake basin in the southern
San Joaquin River drainage (7) to Shasta Reservoir in the
northern Sacramento River drainage. In the San Francisco
Bay region they are found in Coyote Creek, Alameda Creek,
and other creeks draining Santa Clara, Contra Costa and
Alameda Counties, as well as Suisun Creek, Napa County
(8), and in the Delta. In the Monterey Bay region they are
present in the Pajaro and Salinas Rivers and larger tributar-
ies. There is also a small population in the Russian River.
They are found throughout Clear Lake, Lake County, and in
associated lakes, such as Lampson Pond, Thurston Lake,
and lower Blue Lake, spawning in tributaries to the lakes.
The current major spawning streams are, in roughly de-
creasing order of importance, Kelsey, Adobe, Seigler
Canyon, Middle, Scotts, Manning, and Cole Creeks (29).

Hitch have been introduced into a few upstream reser-
voirs within their native range, such as Beardsley Reservoir
(Tuolumne County) and Bass Lake (Fresno County). They
have apparently been carried via the California Aqueduct to
San Luis Reservoir, Merced County, and Pyramid and
Silverwood reservoirs, Los Angeles County; they may have
become established there, as well as in Aliso Canyon, a trib-
utary to the Santa Clara River (9).

Life History Hitch are widespread in warm, low-elevation
lakes, sloughs, and slow-moving stretches of river, and in
clear, low-gradient streams. Their quiet water habitat is re-
flected in their rather deep, laterally compressed body
shape. However, they can also be abundant in cool, clear,
sandy-bottomed streams, such as Fresno River, Fresno
County, or Putah Creek below Solano Diversion Dam (7, 8,
10, 11). In such streams smaller fish are often associated
with run habitat where scattered beds of aquatic or emer-

gent vegetation serve as cover, while larger fish are found in
deep pools associated with heavy cover and overhanging
trees. In urban areas hitch may be found in low numbers in
channelized streams with silty bottoms and turbid water
(8). They can survive in such areas because they have the
highest temperature tolerances among the native fishes of
the Central Valley. In the laboratory juvenile fish acclimated
to 30°C can withstand temperatures of nearly 38°C (critical
thermal maximum) for short periods of time, although they
will actively select temperatures’ of 27-29°C (acute pre-
ferred temperature) (27). Hitch can also withstand moder-
ate salinities; in Suisun Marsh they have been found in salin-
ities of 7-8 ppt, and in Salinas River lagoon, at salinities as
high as 9 ppt (28). ,

In lakes adult hitch are usually pelagic. In Clear Lake ju-
veniles are found in inshore shallow-water habitat and
move into decper offshore areas after approximately 80
days, when they are between 40 and 50'mm SL (12). While
in shallow water, larvae and small juveniles require vegeta-
tion, such as tule beds, as refuge from predators. During the
reproductive season, adult Clear Lake hitch migrate into the
lower reaches of low-gradient tributary streams to spawn in
gravel-bottomed sections that dry up during the summer
(6, 12). Because hitch are not aggressive swimmers, their
runs are easily blocked by small dams and other structures
that impede upstream migration.

Before modern-day habitat alterations, hitch were asso-
ciated with such fishes as Sacramento perch, Sacramento
blackfish, thicktail chub, and splittail. Today their most
common associates are introduced species, especially
catfishes, centrarchids, and mosquitofish, although Sacra-
mento blackfish, Sacramento sucker, and Sacramento
pikeminnow are common associates in less disturbed habi-
tats (8, 10).

The deep body; small, upturned mouth; long, slender gill
rakers; and high but flat-topped pharyngeal teeth indicate
that hitch are omnivorous open-water feeders. In Putah
Creek hitch feed in summer on a mixture of filamentous al-
gae, aquatic insects, and terrestrial insects (13). Small
schools of hitch measuring 50-75 mm SL can be observed
feeding, like trout, on drift at the heads of summer pools. In
Clear Lake limnetic hitch greater than 50 mm SL feed pri-
marily on Daphnia and other zooplankton (14), although
insects may be taken on the surface when abundant (15).
Juveniles (<50 mm SE) in the near-shore environment feed
primarily on larvae and pupae of chironomid midges and
other insects, as well as on small planktonic crustaceans (12,
15). Hitch feed primarily during the day (12).

Growth rates appear to be directly related to the pro-
ductivity and summer temperatures of the environments in
which they live. Clear Lake hitch grow much more rapidly
than Sacramento hitch from high-elevation Beardsley
Reservoir (5, 12, 16). In Clear Lake hitch reach 40-50 mm
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FL within 3 months and measure 110-170 mm FL by the
end of their first year, and 150-300 mm by the end of the
second year; subsequent increases are 20-50 mm/year, with
a maximum size of around 350 mm. Growth rates in San
Luis Reservoir, Merced County, are apparently similar (26).
Hitch in Beardsley Reservoir, in contrast, are only 40-50
mm FL by the end of the first year and 9-11 cm FL by the

end of their second, with subsequent increments of 20-40

mm/year (16).In Putah Creek they average about 65 mm FL
at the end of their first year (13) and reach 200-250 mm in
34 years. Females grow faster and larger than males. Scale
analysis indicates that hitch live 46 years, but itis likely that
analysis of the bony structures of large fish would yield
greater ages.

Females usually mature in their second or third year;
males mature in their first, second, or third year (16, 17).In
the Pajaro River both sexes can mature during their second
summer (age 1 year or more) when only 49-54 mm SL, and
most fish Jonger than 70 mm are mature. Hitch are rather
prolific: females from Beardsley Reservoir contained 3,000~
26,000 eggs, with a mean of 9,000 (16). In Clear Lake
average fecundity is 36,000 eggs, with a range of 9,000—
63,000 (in a fish measuring 312 mm SL); their length-
fecundity relationship is F=504[SL_ - 30,384 (14).

Spawning takes place mainly in riffles of streams tribu-
tary to lakes, rivers, and sloughs, after flows increase in re-
sponse to spring rains. They seem to require clean, fine to
medium gravel and water temperatures of 14-18°C (5, 17),
although the spawning requirements of the species are in
need of further documentation. Smith (11), for example,
observed spawning in the Pajaro River at 18-26°C in
May-July, after low summer flows had been established.
Hitch are also capable of reproducing in ponds and reser-
voirs. When they are present in ponds and reservoirs with
Sacramento blackfish, the two species will hybridize, pre-
sumably because they are forced to share spawning areas.
Likewise, hitch-blackfish hybrids were common in the Pa-
jaro River when flowing water habitats were scarce during
the 1976-1977 drought (28).

At Clear Lake spawning migrations usually take place
from mid-March through May and occasionally into June.
In 1992 the hitch runs started in mid-February and per-
sisted until the streams dried in May-June (29). In the
words of R. Macedo (6, p. 2), “As spectacular as any salmon
run on the Pacific coast, hitch mass by the thousands and
ascend the ... streams. ... The tumultuous splashing . ..and
the appearance of herons, osprey, egrets, and bald eagles . ..
signify . . . that the hitch are in. Along stream banks, rac-
coons, mink, otter, and even bears join the birds to feed on
hitch” The hitch will also ascend and spawn opportunisti-
cally in various unnamed tributaries and drainage ditches.
One year they even were observed spawning in a flooded
meadow after swimming up a small ditch and across a
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flooded parking lot (30). Some may spawn in the shallow
waters of Clear Lake itself, over clean gravel where there was
wave action (17).

Spawning is a mass affair accompanied by vigorous .

splashing. A ripe female is closely followed by 1-5 males,
who apparently fertilize eggs immediately after their release.
There is no territoriality. Fertilized eggs are not adhesive but
sink into interstices of the gravel before absorbing water and
swelling to about 4 times their initial size (5). Swelling
lodges embryos in the gravel, although large numbers of vi-
able embryos can be observed at times drifting down-

stream, and dead embryos may accumulate in large num- -

bers in pools and backwaters.

Hatching takes place in 37 days at 15-22°C, and larvae
take another 3—4 days to become free-swimming (5, 18, 31).
At about 25 mm T, fry of Clear Lake hitch quickly move
down into the lake (5). This behavior contributes to the suc-
cess of hitch, because it permits reproduction in steams that
dry up in summer (19). Small hitch spend the next 2
months shoaling in the lake’s littoral region, usually among
emergent tules, before moving out into open water, at about
50 mm TL. In permanent streams and in ponds, larval and
postlarval hitch aggregate around aquatic plants or other
complex cover in shallow water. They are most active dur-
ing the day.

Status ID for all forms except Clear Lake, which is IC. The
Clear Lake hitch is listed as a species of special concern (21)
and appears to be in decline (6). Hitch were once abundant
throughout their native range and an important food for
Native Americans (6, 22, 23, 24), They are still commercially
harvested on occasion from Clear Lake and may be the
dominant fish in some streams (e.g., Auburn Ravine, Sacra-
mento County [25], and sections of the Pajaro River, Santa
Cruz and Monterey Counties [ 18]). However, today they are
uncommon relative to other fishes in most places, and the
scattered populations are increasingly isolated from one an-
other. Hitch are becoming increasingly scarce, and some

populations in streams flowing into the San Joaquin Valley

have apparently gone extinct in recent years (7). The causes
of the decline are uncertain, but it is presumably due to a
combination of factors: the loss of adequate spawning flows
in spring months (because of dams and diversions) and of
summer rearing and holding habitat, as well as pollution
and predation by nonnative fishes.

The principal threats to Clear Lake hitch are loss of
spawning habitat and loss of nursery areas, factors that con-
tributed strongly to the extinction of the Clear Lake split-
tail. The lower reaches of all their spawning streams dry up
annually and probably did so naturally. However, these
streams now go dry earlier in the season owing to stream di-
versions (6), and the result is spawning failures, especially
during dry years. Clear Lake splittail formerly spawned

somewhat later than did hitch, and early drying up of
streams undoubtedly contributed to the demise of that
species. This progressively earlier drying up of streams, if it
proceeds unchecked, may seriously affect hitch as well. In
streams such as Adobe and Kelsey Creeks upstream areas
that were once used for spawning are now blocked by roads
and other obstructions. Gravel mining on Kelsey, Scotts,
and Middle Creeks has lowered the level of streambeds and
the water table as much as 15 ft in some places; structures
{mainly on Kelsey Creek) intended to aggrade gravel and
raise the streambed present barriers to fish migration, espe-
cially during periods of low flow (6, 29). Fish passage facil-
ities must be constructed specifically for hitch and other
native cyprinids, which have slower critical swimming
velocities than the salmonids for which most fish ladders are
designed.

Hitch that make it over barriers and reach their spawn-
ing areas are unprotected and vulnerable in shallow water,
where they are destroyed by local people by various means.
(In the “sport” of “hitching,” the fish are clubbed and
thrown up on shore.) Recently increased levels: of protec-
tion by CDFG and the implementation of educational
activities for schoolchildren may lessen the extent of the
destruction, although as of this writing it continues. An ad-
ditional problem is that many of the marshy areas that once

ringed Clear Lake are now gone, limiting habitat available
to larval hitch; such habitat loss is ongoing. A more recent
threat has been the establishment of threadfin shad, which
eliminate Daphnia, a principal food of hitch, from the
plankton,

Opverall, a thorough review of the abundance, distribu-
tion, status, and systematics of hitch is needed so that con-
servation strategies can be developed. Particular attention
must be paid to Clear Lake hitch, which may deserve threat-
ened status in the near future, and to hitch populations in
the Russian River and in San Joaquin River tributaries.
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Figure 49. California roach, 10 cm
SL, North Fork Tule River, Tulare
County.

4cm

California Roach,
Lavinia symmetricus (Baird and Girard)

Identification Adult California roach are small (usually less
than 100 mm TL) and chunky bodied, with a narrow cau-
dal peduncle. The eyes and head are relatively large; the
mouth is small and slanted at a downward angle (subtermi-
nal). Some populations develop a distinctive “chisel lip,”
with a cartilaginous plate on the lower jaw. The dorsal fin is
short (7-9 rays) and: set behind the insertion of the pelvic
fins. There are 68 anal fin rays. Fish with more dorsal and
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anal fin rays are probably hybrids with hitch. The scales are
small, numbering 4763 along the lateral line and 32—38 be-
fore the dorsal fin. The pharyngeal teeth are 0,5-4,0 and, al-
though narrow and slightly hooked, appear to be adapted
for grinding. The upper half of the roach is usually dark,
ranging from dusky gray to steel blue. The lower half is usu-
ally a dull silver. During the breeding season, patches of red
orange appear on the chin, operculum, and bases of the
paired and anal fins. Males may develop numerous tiny
breeding tubercles on the head at this time (38). Subspecies

are distinguished by various distinctive subsets of these .

characters. Probably the most distinctive is the Red Hills
roach, which has a dorsoventrally flattened body, small fins,
and a chisel lip (1).

Taxonomy The California roach was first described as Ru-
tilus symmetricus (Baird and Girard), from the San Joaquin
River near Friant. It was subsequently reassigned to its own
genus, Hesperoleucus, by Snyder (2) who described the
following six species based on locality and morphological
differences:

1. Hesperoleucus symmetricus from the Sacramento—San
Joaquin Valley.

2. Hesperoleucus subditus from the Pajaro River system.

3. Hesperoleucuis venustus from the San Francisco Bay sys-
tem and the Russian River and Tomales Bay drainages.

4. Hesperoleucus parvipinnis from the Gualala River,
Sonoma County.

5. Hesperoleucus navarroensis from the Navarro River,
Mendocino County.

6. Hesperoleucus mitrulus from the Pit River system and
Goose Lake, Modoc County.

Murphy (3) reanalyzed Snyder’s data along with his own
from coastal streams and concluded that the species should
be relegated to subspecies status, as had been suggested by
R. R. Miller a few years earlier (4). This diagnosis was ac-
cepted by most subsequent workers (e.g., 5, 6), even though
Murphy’s study was never published. Hopkirk (6) exam-
ined roach from coastal drainages and concluded that Mur-
phywas correct in placing all roach in one species. However,
he differed in his conclusions as to what populations should
be recognized as subspecies. He considered H. s. symmetri-
cus, H. s. subditus, and H. s. parvipinnis to be morphologi-
cally distinct subspecies, whereas H. s. venustus was not
different from H. s. symmetricus (6). Hesperoleucus s. navar-
roensis was considered distinct, but included roach from the
Russian River and tributaries to Tomales Bay (H. venustus
in part), although the Tomales roach was thought to be
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distinct enough to be recognized as a separate subspecies.
Hopkirk (6) cautioned that his H. s. symmetricus possibly
consisted of several subspecies, noting that a collection he
examined from the Cosumnes River had some distinctive
characters. Brown et al. (1) examined roach populations
throughout the San Joaquin drainage and found that pop-
ulations from more isolated tributaries (e.g., Kaweah and
Tule Rivers) could be distinguished by multivariate analy-
ses of morphometric data. The Kaweah River population
was particularly distinctive because a high percentage had
the “chisel lip” feature. A population originally discovered

by B. Quelvog (CDFG) in small creeks near Sonora is so dif- ‘

ferent that it undoubtedly merits subspecies status (1).

When DNA fingerprinting techniques were used to com-
pare populations from four adjacent Sacramento Valley
streams, there was evidence of fairly long isolation of the
populations from one another (32), suggesting that more
distant populations should be even more distinct. The Cal-
ifornia roach “complex” is in need of taxonomic reevalua-
tion using biochemical techniques. Such a reevaluation may
turmrup new subspecies or even species, and perhaps merge
presently recognized forms. Until then, T suggest that we ei-
ther go back to recognizing Snyder’s six species of roach or
else recognize the following forms, based on a combination
of morphology, meristics, and zoogeography. I prefer the
latter course of action, and so recognize

1. Sacramento—San Joaquin roach, L. s. symmetricus.
Sacramento and San Joaquin River drainages, except
Pit River, as well as tributaries to San Francisco Bay.
This is a complex of forms isolated in watersheds
throughout Central California. Many of them are dis-
tinguishable from one another by morphology, ge-
netics, or both, but the interrelationships are complex
and poorly understood.

2. Clear Lake—Russian River roach, L. s. ssp. Clear Lake
drainage and the Russian River. Morphologically
these roach are similar to Sacramento roach, but
they show a genetic relationship to each other and
seem to represent a separate evolutionary line or
lines (39).

3. Monterey roach, L. s. subditus. Tributaries to Mon-
terey Bay, specifically Salinas, Pajaro, and San Lorenzo
drainages.

4. Navarro roach, L. s. navarroensis. Navarro River.

5. Tomales roach, L. s. ssp. Walker Creek and other trib-
utaries to Tomales Bay.

6. Gualala roach, L. s. parvipinnis. Gualala River.

7. Pit Roach, L. s. mitrulus. Upper Pit River and tribu-
taries and tributaries to Goose Lake. Roach found in
Oregon presumably belongs to this subspecies.

8. Red Hillsroach, L. s. ssp., from Horton Creek and other
small streams near Sonora, San Joaquin drainage.

An analysis of the mitochondrial and nuclear DNA of
roach from the foregoing groups shows that many roach
populations have very complex evolutionary histories, in-
cluding (in some forms) past hybridization with hitch (39).
Populations in most large watersheds show evidence of long
isolation from one another, although there are distinct geo-
graphic groups as well. Although it is difficult to apply the
Linnaean species concept to such an evolutionarily complex
and dynamic group of fish, it is clear that the foregoing list
of subspecies is, if anything, conservative in terms of pro-
viding recognition to roach diversity. It is likely that one or
more of the above forms (or others yet to be recognized)
will eventually be granted species status again.

The generic name Lavinia is preferred to Hesperoleucus
because hitch (the only other species in the genus) and roach
are interfertile, and the two species are closely related genet-
ically (6,7, 8,9). The name Lavinia (Girard 1854) has prece-
dence over the name Hesperoleucus (Snyder 1913). Roach
hybridize extensively with hitch in tributaries to the Pajaro
and Salinas Rivers and in Alameda and Coyote Creeks (4, 6)
and with arroyo chubs in the Cuyama River (28).

Names The common name of California roach is derived
from their superficial resemblance to one of the common
minnows of Europe, the roach (Rutilus rutilus). Other
names used in the past are western roach and Venus roach.
For Lavinia, see the account of hitch. Symmetricus means
symmetrical.

Distribution California roach are found throughout the
Sacramento—San Joaquin River drainage, including the Pit
River and tributaries to Goose Lake in Oregon. In coastal
drainages, they are native to the Navarro, Gualala, and Rus-
sian Rivers; streams tributary to Tomales Bay; Pescadero
Creek (San Mateo County); and, in the Monterey Bay
drainage, San Lorenzo, Pajaro, and Salinas Rivers. At least
three additional populations have resulted {from introduc-
tions: Eel River (in the 1970s) in northwestern California
(10); Soquel Creek, Santa Cruz County; and Cuyama River,
San Luis Obispo and Santa Barbara Counties. The Cuyama
River population may actually be native (28).

Life History Given their wide distribution, it is not surpris-
ing that California roach are found in a wide variety of habi-
tats, although they appear to be excluded from many waters
by piscivorous fishes, especially nonnative ones. California
roach are generally found in small warm streams, and dense
populations are frequently sighted in isolated pools in in-
termittent streams (11). They are most abundant in mid-
elevation streams in the Sierra foothills and in the lower

reaches of some coastal streams. Roach are tolerant of rela-
tively high temperatures (30-35°C) and low oxygen levels
(1-2 ppm), a characteristic that enables them to survive in
conditions too extreme for other fishes (12, 13, 14, 15).
However, they also thrive in cold, clear, well-aerated “trout”
streams (12, 17), in heavily modified habitats (16, 17), and
in the main channels of rivers, such as the Russian and
Tuolumne.

Within a watershed, roach can be found in a diversity of
habitats, from cool headwater streams to the warmwater
lower reaches. Their abundance in streams of the Clear Lake
basin is positively correlated with temperature, conductiv-
ity, gradient, and coarse substrates and negatively correlated
with depth, cover, canopy, and fast water (12). In streams
tributary to San Francisco Bay, in contrast, they are most
abundant in shady pools with sand, gravel, and bedrock
bottoms and beds of aquatic plants. In the Pit River system
roach are also characteristic of deep rock-bottomed pools
in second- or third-order streams and in the Pit River itself
(16). Most such habitat is characterized by low flow, mod-
erate gradients, warm temperatures, and edge mats of duck-
weed and water ferns.

Although roach are characteristic of streams supporting
assemblages of native fishes, they tend to be most abundant
when found by themselves or with only one or two other
species (15, 16, 18, 19). By themselves, roach will occupy the
open waters of large pools; in the presence of predatory
pikeminnows, roach are mostly confined to the edges of
pools and to riffles and other shallow-water habitats (20,
21). In complex assemblages they concentrate in low-
velocity (<40 cm/sec), shallow (<50 ¢m) water where fine
substrates predominate (22). Nonnative green sunfish,
however, can completely exclude roach from some streams,
although the two species can coexist in large pools. For ex-
ample, in Dye Creek, Tehama County, green sunfish have al-
most completely replaced roach in intermittent sections of
the south fork, but roach dominate all habitats in the cooler,
more permanent north fork that sunfish have been unable
to invade; in the mainstem below the union of the forks, the
two species coexist, but roach are largely absent from pools.

The ability of roach to survive in small tributaries has
also led, through erosional captures of interior headwater
streams, to their colonization of coastal streams where other
cyprinids are absent, such as Navarro and Gualala Rivers.
Such colonization could not have taken place through salt
water because they are unable to tolerate very saline water.
In August 1973 healthy roach were collected in Navarro
River at salinities of 3 ppt, but those trapped downstream
by the incoming tide died before salinities reached 910 ppt.

California roach feed largely by browsing on the bottom,
but in the Tuolumne River (below Preston Falls) and in the
Clavey River L have observed large roach feeding on drift or-
ganisms, including terrestrial insects, in fairly fast current.

CALIFORNIA ROACH 141




They are omnivores. In small warm streams, filamentous al-
gae typically dominates the diet, but aquatic insects and
small crustaceans often make up 25-30 percent of their
stomach contents by volume (24, 25, 26). In larger streams,
such as the North Fork Stanislaus River, aquatic insects may
dominate the diet at all times of the year (17). Crustaceans
and small chironomid midge larvae are especially impor-
tant to small roach. In adult roach the aquatic insects con-
sumed reflect availability in benthos and drift. Small midge,
mayfly, caddisfly, and stonefly larvae, along with elmid
beetles, aquatic bugs, and amphipods, are taken roughly in
proportion to their abundance on the bottom (17,24}. One
roach from the Navarro River contained three larval lam-
preys. Because roach pick most food from silty bottoms,
their stomachs usually contain considerable amounts of de-
tritus and fine debris. Laboratory experiments suggest that
retention of such fine material is facilitated by mucus se-
creted by epithelial cells and by gill rakers, so it presumably
possesses nutritional value (36).

Growth is highly seasonal. Roach typically grow most
rapidly in early summer (23, 26). In some streams they may
take 2 years to reach 45 mm SL (23, 26). However, in per-
manent streams (e.g., Coyote Creek and the Stanislaus,
Russian, and Navarro Rivers) roach frequently exceed 40
mm SL in their first summer, reach 6075 mm in the sec-
ond summer, and reach 80-95 mm in the third summer (17,
26, 27). Eew exceed 120 mm SL. The oldest roach on record
is a 6-year-old specimen from San Anselmo Creek, Marin
County (26), but few live longer than 3 years.

Roach usually become mature after they reach 45-60
mm SL at 2 or sometimes 3 years of age (26). Fecundity
ranges from 250 to 2,000 eggs per female depending on size
(17, 23). Spawning is from March through early July, de-
pending on water temperature (17, 26), although spawning
activity has been observed in late July in the Russian River.
Spawning usually takes place when temperatures exceed
16°C. The fish move up from pools into shallow, flowing ar-
eas where the bottom is covered with small rocks 3—5 cm in
diameter. The fish spawn in large groups, each female re-
peatedly depositing eggs a few at a time in crevices between
rocks (26). They are immediately fertilized by one or more
males following close behind. A spawning aggregation was
observed by J. Feliciano (pers. comm.) over several days in
late May 2001 in the Navarro River:

I observed a dense swarm of about 500 adult California
roach crowded along the righthand margin of the stream.
Roach were continually swimming in and out of the
swarm from the surrounding pool. In the swarm, I ob-
served some fishes jamming themselves head or tail first
into the substrate, with their other ends clear of the water.
Most of the splashing activity came from fish crowding
around those individuals. The roach were quite active and
oblivious; I clearly heard their splashing from ca. 20 m
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downstream and was able to observe them from a point
bar only 2 m away. The swarm progressed slowly upstream
along the bank as fish moved in and out of the group.

This activity clears silt and sand from the interstices of
the gravel, improving habitat for the fertilized eggs, which
are adhesive and stick to the rocks. They hatch in 2-3 days,
and larvae remain in crevices until large enough to swim ac-
tively around. Larval development is described by Fry (26).
The population of roach in Bear Creek, Colusa County, ap-
parently spawns in emergent vegetation, and newly hatched
larvae remained among the plants for some time (23). Once
the yolk sac is absorbed, larval roach feed mainly on di-
atoms and small crustaceans (26).

Status 1A-E, depending on subspecies or population,
Many populations of California roach are threatened to
some degree because they are located in small streams that
are vulnerable to human disturbance (especially diversion)
and introduced predatory fishes (such as green sunfish), to
which roach seem exceptionally vulnerable (1). The follow-
ing are accounts by region,

Sacramento-San Joaquin roach. ID. Assuming this
widely distributed form is indeed just a single taxon (which
is unlikely), it is abundant in a large number of streams.
Nevertheless, it is now absent from many streams and
stream reaches where it once occurred (e.g., 15), and most
populations are isolated by downstream barriers, such as
dams, diversions, or polluted water containing predatory
introduced fishes (32). Extirpations without recolonization
can therefore be expected. Surveys by Moyle and Nichols
(18) that were repeated by Brown and Moyle (19, 20) indi-
cate that, in the San Joaquin drainage, the species has been
eliminated from many streams since 1970, and from entire
watersheds (e.g., the Fresno River) since the 19th century.
The problems of conserving the many distinct evolutionary
units of California roach are discussed by Brown et al. (1).
Populations are increasingly being isolated from one an-
other by artificial barriers. Much of their habitat is on
private land, which is subject to development or intense
grazing pressure. As a result many streams dry up more fre-
quently or more completely than usual because of diver-
sions and pumping from aquifers that feed them. Predatory
fishes, such as largemouth bass and green sunfish, are often
introduced into remaining deep pools to provide recre-
ational fishing; such predators typically eliminate roach.
However, the introduced Eel River population represents a
major expansion of the range of this form (although the ex-
act origin of the invaders has not been determined).

Clear Lake-Russian River roach. ID. These roach are
abundant and widely distributed in both watersheds, but
this situation could change rapidly with land and water use
changes, especially in the Russian River.

Red Hills roach. IB. This highly distinctive form is found
in a few small streams in an area partly administered by the
BLM and characterized by serpentine soils and stunted veg-
etation. The largest population, of several hundred individ-
uals, exists in Horton Creek, and smaller numbers occur in
Amber and Roach Creeks (37). The limited area of serpen-
tine soil in which this form occurs is subject to intense graz-
ing, mining, and recreational use by off-road vehicles,
which together significantly degrade the habitat. Activities
causing streamside soil disturbance at the site of the main
Horton Creek population pose a particularly serious threat
(37), causing limited pool habitat to become shallower and
warmer and reducing riparian cover.

Monterey roach. ID. Smith (29) found this roach wide-
spread in the Pajaro and San Benito drainages, but some-
what less widely distributed than formerly. Since Snyder’s
(2) collections in 1908, they have disappeared from at least
four sites owing to habitat alteration, including lowered wa-
ter quality (increased turbidity, low dissolved oxygen) (29).
Streams in the Monterey Bay drainages have been channel-
ized, polluted, diverted, and otherwise altered by a combi-
nation of intensive agriculture and grazing, housing devel-
opment, road building, and other human activities. Dams
have reduced flood flows, resulting in upstream expansion
of hitch; hybridization and competition with hitch have
subsequently eliminated some roach populations (33). Re-
cent losses of roach populations occurred when droughts
eliminated isolated populations and dams or other human-
made barriers prevented recolonization (33). Most original
habitats of Monterey roach are on private land where there
is little formal protection for aquatic organisms. Many pop-
ulations share habitat with steelhead, and the listing of steel-
head as a threatened species should help to provide protec-
tion for roach as well.

Navarro roach. IE. This form remains abundant in the
Navarro River, where they may have benefited from open-
ing of the canopy and warming of the water as the result of
logging and agriculture. Even they, however, cannot survive
the drying up of the river in some sections by diversion of
both surface and ground water.

Tomales roach. IE. Most streams in the Tomales drainage
(Marin County) have been heavily modified, but roach are
nevertheless abundant in many areas. Their distribution is
rather restricted, and most are on private lands that are
heavily grazed. Thus siltation, bank erosion, and loss of ri-
parian cover are constant problems. Equally important, the
streams (e.g., Walker Creek) are dammed and diverted, reg-
ulating and reducing flows as well as creating conditions in
which nonnative species are more likely to invade. Although
the Tomales roach seems to be holding its own at the pres-
ent time, its populations should nonetheless be monitored.

Gualala roach. IE. This form is common in the Gualala
River (31) and is dominant in some headwater areas I have

examined. Its numbers may actually have increased tem-
porarily as the result of warmer water associated with habi-
tat degradation (34). Like the Tomales roach, this form has
arather restricted distribution within a watershed subjected
to many insults (e.g., logging, road building, diversion of
water by wineries) in recent years.

Pit roach. IB. This roach has disappeared from much of
its former range in the upper Pit River drainage (16) and is
confined to a few scattered populations either in small, iso-
lated streams or in some regulated sections of the Pit River.
Oregon stocks are classified as “sensitive-peripheral”; the
only known Oregon population seems to be in Drews
Creek, a tributary to Goose Lake (35). Presumably, each
population is threatened by different factors, but the prin-
cipal ones seem to be habitat loss (from, e.g., heavy grazing
in riparian areas, road and housing construction, water di-
versions) and introduced predators, such as largemouth
bass and green sunfish. Because populations are now widely
scattered, local extinctions due to natural factors can also
occur, but without hope of natural recolonization. As a re-
sult, the number of populations can be expected to dwindle
over the years.

Overall, the California roach is in need of a compre-
hensive study of its status, systematics, and distribution. An
analysis of the systematics of the species is especially re-
quired in view of the discovery of the Red Hills roach and
indications that a number of undescribed forms may exist
around the state (1). Immediate needs are to find streams
in the Pitand San Joaquin River drainages that can be man-
aged as refuges for local populations. All known stream
habitats of the Red Hills roach should be protected and
managed to benefit the species (and other native organisms
in this unusual area); measures would include restrictions
on mining, off-road vehicle use, and grazing. The Tomales,
Navarro, and Gualala roach would benefit from watershed
managément practices that improve instream and riparian
habitats. In absolute terms, most subspecies of California
roach are still abundant, but there is growing evidence that
local populations are disappearing one at a time (1, 16, 18,
20, 21). It would be prudent to at least stabilize populations
of all taxa at their present levels of abundance in all major
watersheds in which they occur. As a minimum measure, a
system of Aquatic Diversity Management Areas (ADMAs)
should be established; these should include special units
for each distinctive population of roach in all geographic
regions where they are native (31). A system of protected
waters would protect not only this species, but entire biotic
communities as well. In the meantime, populations should
be monitored to ascertain that each form is holding its
own.
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Figure 50. Sacramento blackfish,
13 c¢m SIL, Putah Creek, Yolo

Sacramento Blackfish,
Orthodon microlepidotus (Ayres)

Identification Sacramento blackfish can be readily recog-
nized by their tiny scales (90-114 in lateral line); cone-
shaped head with a flat, sloping forehead; round, elongated
body; small eyes (adults); and narrow caudal peduncle. The
mouth is terminal and slightly upturned, with narrow, only
slightly protractile “lips.” There are 9-11 rays in the dorsal
fin, which has its origin above or slightly anterior to that of
the pelvic fins. The anal fin has 8-9 rays, the pelvic fins 10.
The pharyngeal teeth (0,6-6,0 or 0,6-5,0) are long, straight,
and knifelike, with a narrow grinding surface on the dorsal
side of each tooth. The 30-38 gill rakers are long and densely
packed, and have a broomlike fringe at their tips. The color
of small fish is silvery. Larger fish become progressively
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County.

darker, especially on the back. The combination of fine
scales and dark color gives large fish a dull, olivaceous sheen.

Taxonomy Sacramento blackfish are one of the most dis-
tinctive cyprinids in California, most closely related to
hitch, with which they hybridize on occasion (1, 2). They
have also hybridized with tui chubs (24). There is little evi-
dence of geographic variation (3).

Names The common names usually refer to the shiny dark
coloration of adults, hence “Sacramento blackfish,” “greaser
blackfish,” or just “blackfish.” In the older literature they are
sometimes referred to as “hardhead,” a name now reserved
for Mylopharodon conocephalus. Orthodon means straight
teeth; microlepidotus, small scales.

Distribution Sacramento blackfish are native to low-
elevation reaches of the Sacramento and San Joaquin Rivers
and their major tributaries, as well as to Clear Lake (Lake
County) and the Pajaro and Salinas Rivers. They are pres-
ent in the Russian River, but it is not certain if they are na-
tive there (3). They are present in a few central California
reservoirs (e.g., Shasta, Hennessy, Lagoon Valley), but the
extent of their distribution in these systems is poorly docu-
mented. In the San Francisco Bay region they are present in
the Delta and in Coyote, Alameda, and Walnut Creeks (4).
They have been transported by the California Aqueduct to
San Luis Reservoir (Merced County), where they are com-
mon, and they can be expected in any reservoir in southern

California that contains water from the aqueduct. Since
about 1986, they have been present in the lower Santa Ana
River below Prado Reservoir (5). Blackfish were introduced
into Lahontan Reservoir, Churchill County, Nevada, around
1964 and have spread to lakes in Stillwater Marsh and the
Humboldt River drainage in Nevada (6, 23).

Life History Sacramento blackfish are most abundant in
warm, usually turbid, waters of the Central Valley floor, of-
ten occurring in highly modified habitats otherwise domi-
nated by nonnative fishes (7, 8, 9). Similarly, they are one of
the most abundant fishes in Clear Lake, Lake County, and
once were abundant in the large lakes (now drained) of the
San Joaquin Valley. They are now common in oxbow lakes
near rivers and in sloughs of the Sacramento-San Joaquin
Delta (7). In streams, such as the Pajaro River or Putah
Creek, blackfish are found in deep, turbid pools with soft
(mud, clay) bottoms (10). They also thrive in fluctuating
waters of reservoirs such as San Luis (Merced County) and
Hennessy (Napa County) Reservoirs. One of their more ex-
treme environments is Lagoon Valley Reservoir (Solano
County), a warm, shallow, highly turbid recreational lake
that becomes very alkaline in summer (pH 9-10). This
flooded playa otherwise supports only Sacramento perch,
fathead minnows, and mosquitofish. In Salinas River la-
goon, they are common in areas where the salinity is around
7 ppt and have been collected at salinities of 9 ppt (27).

Blackfish show extraordinary physiological adaptations
for surviving in extreme environments (12, 13). Adults are
commonly found in waters where summer temperatures
exceed 30°C and where dissolved oxygen levels may be very
low. Optimal temperatures are 22-28°C (10), although
growth is reduced and metabolic rates are increased at tem-
peratures above 25°C (12). However, in the laboratory, ju-
venile blackfish can survive temperatures up to 37°C (11).
This finding suggests that blackfish thrive under relatively
moderate lakelike conditions but are adapted for surviving
the periods of extreme conditions that occur during times
of drought or low flow.

The feeding habits of blackfish are unusual for a North
American cyprinid; they are primarily suspension feeders
on planktonic algae and zooplankton, including rotifers,
cladocerans, copepods, insect larvae, and suspended detri-
tus (8, 9, 14, 15, 16, 17). Small (<2 cm SL) blackfish feed
largely on zooplankton and insects by picking them from
the water column or bottom (14, 17, 18). As they grow
larger, the pumping of suspended material into the oral cav-
ity becomes increasingly important. By opening and closing
their mouths rapidly, blackfish suck in large amounts of wa-
ter containing small food items (16, 17). The food material
is carried to the roof of the mouth, where it is collected by
mucus secreted by a palatal organ; clumps of mucus and
food are then swallowed (19). The dense, broomlike gill

rakers are not constructed to act as filters for food but work
to direct the flow of water and food particles past the palatal
organ, where the food is removed (19). Although this
method of feeding would seem rather unselective, blackfish
in ponds seem able to feed selectively on diatoms (8), and
those in lakes, on larger algae and zooplankton species (6, 9,
16). When blackfish densities are high, their selective re-
moval of algae-grazing zooplankton may result in blooms
of algae, increased nutrient levels, and other major changes
to lake ecosystems (6). The ability of adults to live on a diet

,of largely organic matter and algae is also reflected in their

long, convoluted intestine, which is 4-7 times body length;
the intestine is longest relative to body length in the largest
fish (9, 20). Blackfish are not exclusively planktonic feeders
but may also feed on soft, flocculent material, rich in or-
ganic matter and small invertebrates, from the bottom of
lakes and ponds.

Growth of Sacramento blackfish is rapid in the first year.
In Clear Lake they measure about 10 cm FL and weigh about
39 g at the end of their first year, growing rapidly to 25-26
cmand 230 g during their second year. During the third year
growth differences between males and females usually be-
come evident, with Clear Lake males reaching 34-35 cm
(625 g) and females, 36-37 cm (710 g). Growth is slower in
the following years. Growth rates for blackfish in ponds in
the San Joaquin Valley (8), San Luis Reservoir (21), and
Stone Lakes (Sacramento County) are similar to those of
Clear Lake fish, except during the first year, when they tend
to be faster (9). In Stone Lakes, male-female differences in
growth rates were not found (9). Blackfish rarely exceed 50
cm FL and 1.5 kg (14). The maximum age as determined by
scales is 5 years, but it is likely that the largest fish are at least
7-9 years old because scales do not give accurate readings
for large cyprinids (22).

Sacramento blackfish of either sex become mature for
the first time in their first, second, third, or fourth year,
depending on how well the environment promotes growth
(8, 14). Most mature in their second or third year. Males
are more likely to mature at a younger age than females.
Fecundities depend on body size, with a female measuring
171 mm FL producing about 14,700 eggs, a female measur-
ing 350 mm FL producing 78,500 eggs, and a female meas-
uring 466 mm FL producing 346,500 eggs (8). However,
there is considerable uncertainty in these fecundity esti-
mates, in part because individual blackfish may spawn over
a fairly wide time span (8).

Mature males grow tiny breeding tubercles and seem
darker than females during the breeding season. In Clear
Lake spawning occurs between April and July at water tem-
peratures of 12-24°C in shallow areas with heavy growths
of aquatic plants. Spawning conditions are presumably sim-
ilar elsewhere, although some blackfish may spawn as early
as March (8). Because of turbid water, observations of
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spawning are few and incomplete. Murphy (14) observed
spawning activity by a small school over a bed of aquatic
vegetation in 90 cm of water. Males followed females closely,
apparently fertilizing eggs as they were extruded onto
plants. Similar behavior has been observed over rocks in wa-
ter less than 18 cm deep (15) and in experimental ponds,
where the fish spawned on strips of plastic. Spawning seems
physiologically hard on blackfish. They develop spawning
checks (interruptions of growth rings) on the scales (8, 14),
indicating partial resorption to provide a last-minute sup-
ply of nutrients for developing gonads. In Clear Lake few
fish manage to survive their second spawning, a fact that
may account for the summer die-offs noted there. However,
in Stone Lakes, blackfish regularly spawn 2—4 times (9).

Fertilized eggs stick to the substrate, and larvae are often
concentrated in shallow water, especially near or in beds of
aquatic plants (24). Larvae may also be found in open wa-
ter (24). Juvenile blackfish are typically found in large
schools in shallow water, often near cover. They can live on
plant materials alone, but they grow fastest where animal
prey is abundant (25, 26).

Status 1E.'The herbivorous filter-feeding habits of blackfish,
coupled with their ability to survive in warm, turbid waters,
allow them to succeed despite changes in their environment.
Nevertheless, they are probably less abundant than formerly

in native lowland habitats. They have been spread (and are
still spreading) through introductions and aqueducts to a
number of reservoirs, and their impacts on other fishes in
these reservoirs and associated streams are not known. How-
ever, in Lahontan Reservoir, Nevada, blackfish apparently re-
placed native tui chub as the most abundant species. This ob-
servation suggests that their further spread to other water-
sheds and reservoirs should be prevented if possible.

They are important commercial fish, sold live in Asian
fish markets in many California cities. They are prized for
their culinary qualities and so are (or have been) harvested
in large numbers from Clear Lake, San Luis Reservoir, and
Lahontan Reservoir. Because of their ability to feed on algae
and organic matter and to thrive in small ponds, they have
considerable potential for warmwater aquaculture.
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Sacramento Splittail,
Pogonichthys macrolepidotus (Ayres)

ldentification This large (to over 40 cm SL) cyprinid is
readily recognized by the enlarged upper lobe of the tail,
tiny barbels (sometimes absent) at the corners of the slightly
subterminal mouth, and small head (head length divisible
into body length less than 4.5 times) on an elongate body.
The dorsal fin rays number 9~10; pectoral fin rays, 16-19;
pelvic fin rays, 8-9; anal fin rays, 7-9; lateral line scales,
57-64 (usually 60-62); and gill rakers, 14-18 (usually
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15~17). The pharyngeal teeth, usually 2,5-5,2, are hooked
and have narrow grinding surfaces. The inner tooth rows
are very small. Live fish are silvery on the sides, but become
duller in color as they grow larger. The back is usually dusky
olive gray. Adults develop a distinct nuchal hump on the
back. During the breeding season, paired, dorsal, anal, and
caudal fins are tinged with red-orange, and males become
darker colored, developing tiny white tubercles on their
heads and on the bases of the fins (28).

Taxonomy This species was first described in 1854 by W. O.
Ayres as Leuciscus macrolepidotus, then by S. F. Baird and C.
Girard as Pogonichthys inaeqilobus. Ayres’s species descrip-
tion has priority as the official one, but Pogonichthys was ac-
cepted in recognition of its distinctive characteristics (1). The
splittail is considered by some taxonomists to be more closely
allied to cyprinids of Asia than to any North American species
(2), but most evidence suggests it is allied with other endemic
cyprinids of western North America. The genus comprises

- two species, P. ciscoides Hopkirk and P. macrolepidotus (1).

Names Splittail refers to the distinctive tail. Pogon-ichthys
means bearded fish, referring to the small barbels, unusual

Figure 51. Sacramento splittail,
13.5cm SL (head of large adult, 26
cm SL), Suisun Marsh, Solano
County.

in North American cyprinids; macro-lepidotus means
large-scaled.

Distribution Sacramento splittail are endemic to Califor-
nia, mainly to sloughs, lakes and rivers of the Central Val-
ley. In the Sacramento Valley they were found in early sur-
veys as far up the Sacramento River as Redding (below the
Battle Creek Fish Hatchery in Shasta County), up the
Feather River as high as Oroville, and in the American River
to Folsom (3). Today they are largely absent from the upper
parts of their distribution, although in wet years they may
migrate up the Sacramento River as far as Red Bluff Diver-
sion Dam (river km 391, Tehama County), and into the
lower Feather and American Rivers (4,5, 31).The Sutter and
Yolo Bypasses, along the Sacramento River, are apparently
important spawning areas today (5). In the San Joaquin
River they were once found as far south as Friant (3). Ar-
chaeological evidence indicates that populations were pres-
ent in the large lakes of the San Joaquin Valley floor, lakes
Tulare and Buena Vista, where they were harvested by na-
tive peoples (6, 13). Recent surveys indicate that during wet
years splittail may ascend the San Joaquin River as high as
Salt Slough (river km 218) (8,9, 10, 31). Successful spawn-
ing has been recorded in the lower Tuolumne River during
wet years in the 1980s and 1990s, with both adults and ju-
veniles observed at Modesto, 11 km upstream from the
river mouth (10).

In the San Francisco Bay area Snyder (7) reported
catches of splittail from southern San Francisco Bay and at
the mouth of Coyote Creek in Santa Clara County, but they
are now very rare there (11). During most years, except
when they are spawning, splittail are largely confined to the

Delta, Suisun Bay, Suisun Marsh, the lower Napa River, the
lower Petaluma River, and other parts of the San Francisco
Estuary (12, 30). In the Delta they are most abundant in the
north and west portions when populations are low but are
more evenly distributed throughout following years of suc-
cessful reproduction (5, 14). An area with a particularly
high concentration of splittail is Suisun Marsh, Solano
County, especially during drier years (12). Occasionally,
splittail are caught in San Luis Reservoir (15), which stores
water pumped from the Delta, and a single specimen has
been reported from Silverwood Reservoir, at the southern
end of the California Aqueduct (16).

Life History Splittail are adapted for living in estuarine wa-
ters with fluctuating conditions, as well as in severe condi-
tions that once occurred in alkaline lakes and sloughs on the
floor of the Central Valley during droughts. They are re-
markably tolerant of high salinities for a cyprinid and are
regularly found at salinities of 10-18 ppt, although lower
salinities seem preferred (12). Salinity tolerance increases
with size, and adult splittail can tolerate salinities up to 29
ppt for short periods of time (17). Temperatures at which
splittail are found are typically between 5 and 24°C, but fish
acclimated to high temperatures can survive rapid changes
and temperatures of 29-33°C for short periods (17). Split-
tail of all sizes can also survive low dissolved oxygen levels
(<1 mg O,/liter). These tolerances make them well suited to
slow-moving sections of rivers and sloughs (18, 19). In Su-
isun Marsh, trawl catches are highest in summer, when
salinities are 6-10 ppt and temperatures 15-23°C (18), al-
though this observatioon reflects in part the annual influx
of young-of-year fish from upstream. Young-of-year and
yearling splittail in general are most abundant in shallow
(<2 m) water (12) and show considerable capacity to swim
against strong river and tidal currents (17).

Adult splittail show gradual upstream movement during
the winter and spring months to forage and spawn in
flooded areas (5, 15). During wet years, these upstream
movements can be more directed and take the fish long dis-
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tances upstream. Year class success of splittail is positively
correlated with wet years, high Delta outflow, and flood
plain inundation (5, 12, 15), presumably because adults are
able to move upstream to suitable spawning areas and to
find flooded vegetation for spawning, which also provides
cover for larvae and young (5, 15).

Their small subterminal mouths, maxillary barbels, large
upper tail lobes, and generalized pharyngeal teeth reflect the
adaptation of splittail for feeding on bottom invertebrates
in areas of low to moderate current. However, detrital ma-
terial typically makes up a high percentage (50-60% by vol-
ume) of their stomach contents. In Suisun Marsh splittail
foraged extensively on opossum shrimp (mainly Neomysis
mercedis), benthic amphipods (Corophium), and harpacta-
coid copepods (19). After N. mercedis populations col-
lapsed, mysid shrimp ceased being important in the diet
(32). In the Delta they feed opportunistically on clams,
crustaceans, insect larvae, and other invertebrates. When
water levels rise in February and March, splittail often move
into flooded areas to feed on earthworms (15). Rutter (3)
reported large numbers of splittail feeding on loose eggs in
areas where salmon were spawning, although overlap of
these two species is rare today. They are largely diurnal feed-
ers, with most intense feeding in early morning (15). Split-
tail are preyed on by striped bass and other piscivorous
fishes. The desirability of the species as prey for striped bass
has long been recognized by anglers, who fish for splittail in
order to use them for bait.

Splittail are relatively long lived; analysis of scales indi-
cates life spans of 5-7 years (19), but analysis of hard parts
indicates that larger fish may be 8 or more years old (20).
They reach about 110 mm SL in their first year, 170 mm in
their second year, and 215 mm in their third year, growing
about 35 mm/year thereafter. Both males and females can be-
come mature by the end of their second year (19),
although occasionally males mature in their first year and
femnales may not mature until their third year (15). The sex
ratio among mature individuals is 1:1 (15), but the largest
and oldest fish are mostly females (20). Females are highly
fecund; the largest may produce over 100,000 eggs (19,
29). A relationship between fecundity and length is F =
0.0004(SL___349) (29), with larger females producing more
eggs per millimeter, although this relationship may vary
among years. A 1974 study found an average of about 165 ova
per millimeter SL; a 1982 study, 600; a 1994 study, 151; and a
1996 study, 261 (19, 29, 34). The cause of this wide variation
is uncertain, but it may be related to food availability (29).

Spawning can apparently take place any time from late
February to early July (21, 28), with older fish reproducing
first (15). Generally, gonadal development is initiated by
the advent of autumn, with a concomitant decrease in so-
matic growth (19). In state and federal fish rescue facilities
in the south Delta, adults are captured most frequently in
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January through April, when they are presumably engaged
in spawning movements. The onset of spawning seems to
be associated with rising water levels, increasing water tem-
perature (to 14-19°C), and increasing day length. As they
become ready to spawn, the fish move into flooded vegeta-

tion. Spawning is most frequent in March and April, and .
splittail appear to be fractional spawners, with individuals

spawning over a period of several months (28). However, in
some years spawning may take place within a limited pe-
riod of time; in 1995, a year of extraordinarily successful re-
production, most splittail spawned over a short period in
April (22). The fertilized eggs are adhesive and stick to sub-
merged vegetation and debris until hatching. In captivity
splittail will spawn on the sides and bottoms of net pens
and in tanks (34).

Embryos hatch in 3-7 days, depending on temperature
(34). Swim bladder inflation and active swimming and feed-
ing begin 5-7 days later. Most larvae remain in shallow,
weedy areas near spawning sites for 10-14 days before be-
ginning to move into deeper offshore habitat as swimming
ability increases (5,21). Barly larval stages may live in flooded
vegetation because small prey (rotifers and microcrus-

taceans) are abundant there. Thereafter they focus on ben-
thic crustaceans. A stock recruitment relationship in splittail

is weak, indicating that under favorable environmental con-
ditions a small number of large females can produce many
young (5, 12). Young-of-year are caught in South Delta
pumping plants in greatest numbers in April-August, pre-
sumably when moving downstream into the estuary (12).

Status IB.Sacramento splittail were listed by the USFWS as
a threatened species in February 1999 because of the his-
toric reduction in range and because of the large reduction
innumbers during the severe drought of 1987-1993 (23,24,
33). Their astonishing ability to recover under favorable
conditions (5, 31), such as existed in 1995 and 1998, has al-
leviated fears of immediate extinction and ignited contro-
versy over their actual status. However, given their history
and distribution, their long-term survival is not assured.
Splittail have disappeared as permanent residents from
portions of the Sacramento and San Joaquin Valleys be-
cause dams, diversions, channelization, and agricultural
drainage have either eliminated or drastically altered much
of the lowland habitat they once occupied or else made it
inaccessible except-during wet years. They are rare or sea-
sonal in occurrence more than 10-20 km upstream of the
Delta, except following years of unusually high reproductive
success. In the San Joaquin Valley they.seem to move into
the lower river only during wet years; movements into the
Sacramento and tributaries may be more frequent. As a re-
sult of these changes, today most are resident in the San
Francisco Estuary, especially in the Delta and Suisun Marsh.
Their abundance is strongly tied to outflow and the extent

of flooded areas, especially the Yolo Bypass, presumably be-
cause spawning occurs over flooded vegetation. Thus when
outflows are high at the right time of year (March—April),
reproductive success is high, but when outflows are low, re-
productive success is very low.

Within the present limited range, splittail have been es-
timated during most years to be only 35-60 percent as nu-
merous as they were in 1940 (25). CDFG midwater trawl
data indicate a decline from the mid-1960s to the late 1970s
followed by a resurgence (with fluctuations) through the
mid-1980s. From the mid-1980s through 1994, splittail
numbers declined, with small increases in some years. In
1995 and 1998 the population increased dramatically, and
the estuary and lower river habitats were flooded with juve-
niles. The 1995 and 1998 “boom years” demonstrated how
splittail recruitment success fluctuates widely from year to
year and over long periods of time (5). Large pulses of
young fish were observed in the wet years 1982, 1983, and
1986, but recruitment was exceptionally low in 1980, 1984,
1985, and 1987-1994, which were mostly dry years (31).
Not all wet years result in large splittail year classes, how-
ever. In 1996, for example, most high flows in the rivers oc-
curred in December and January, before splittail were ready
to spawn. Adult numbers tend not to show such dramatic
fluctuations (5) because they are so long lived, with pre-
sumably high survival rates.

The long-term decline can be attributed to a variety of
interacting factors (26), in the following approximate order
of importance: (1) reduction in valley floor habitats, (2)
modification of spawning habitat, (3) changed estuarine
hydraulics, especially reduced outflows, (4) climatic varia-
tion, (5) toxic substances, (6) introduced species, and (7)
exploitation.

Reduction in valley floor habitats. The Sacramento and
San Joaquin valleys once had vast flood plains, with myr-
iad sloughs and backwaters left from old river meanders, as
well as a few large lakes, such as Lake Tulare. These quiet
water habitats were presumably home to resident splittail
because they resemble present-day habitats in the Delta
and Suisun Marsh. They would have provided abundant
food as well as necessary hydraulic connections for spawn-
ing. These habitats have now been almost entirely lost
through drainage and diking for agriculture. Likewise, vast
marshes of the Delta once provided extensive quiet water
habitats that are scarce today. Elimination of these habitats
eliminated the fish that lived in them, leaving the estuary to
support splittail.

Modification of spawning habitat. Splittail spawn on
terrestrial vegetation and debris on floodplains that are in-
undated by spring high flows, typically at depths between 0.5
and 2 m. An increase in the amount of flooded area pre-
sumably contributes to year class success in wet years both
because of the increase in spawning habitat and because of

the increase in larval rearing habitat. The longer residence
time of water on floodplains during wet years also allows
large “blooms” of zooplankton to occur, providing food for
the larvae and juveniles. The decrease in the extent of flood-
plains in recent decades is consequently likely to be a major
contributor to a decline in splittail numbers and to increased
variability in recruitment success. Althoﬁgh these losses may
be partially compensated for by the Yolo and Sutter Bypasses,
the bypasses are not flooded with fish in mind. Yolo Bypass,
for example, floods when water from the Sacramento River
tops a concrete wall (the Fremont Weir) and spills over the
Sacramento Weir. When the river drops, the bypass quickly
drains. The bypasses are good habitat for splittail spawning
when they are flooded for several weeks in March and April
(35). If they flood and drain too early (e.g., December—
January, as in 1996), they are not used for spawning.

Changed estuarine hydraulics. In the past 30 or so years,
hydraulic conditions in the Delta have changed dramati-
cally (12), but it is not clear if there is a cause-and-effect re-
lationship between these changes and splittail abundance. It
is possible that direct entrainment of larvae and juveniles in
pumps of the South Delta may be part of the problem, al-
though numbers entrained are directly related to abun-
dance (5). More young are entrained during years with
strong year classes, when, arguably, there are fish to spare.
The increased movement of young-of-year into the central
Delta as the result of changed hydraulics may lead to in-
creased within-Delta entrainment and place small fish in
conditions less favorable for growth and survival.

Climatic variation. Recent decades have seen some of
the most extreme environmental conditions the estuary has
experienced since the arrival of Furo-Americans. There
were eight years of continuous drought, broken only by
huge outflows in February 1986 and followed by excep-
tionally high precipitation in 1995 and 1997-1999. The
prolonged drought had two major interacting effects: a nat-
ural decrease in outflow and an increase in the proportion
of inflowing water being diverted. A natural decline in the
numbers of splittail would be expected from reduced out-
flow, because of reduced availability of spawning and lar-
val rearing habitat. However, the increase in diversions
apparently decreased survival of splittail further through
reduction in habitat, especially in the lower Delta and Suisun
Marsh, and increased entrainment of larvae, juveniles,
and adults. It is important to recognize that extreme floods
and droughts have occurred in the past and that splittail
have managed to persist through them. However, they did
not historically experience the added stresses of reduced
spawning and rearing habitat and increased diversion of
water, making recovery from natural disasters much more
difficult. Likewise, adult splittail in the past were not con-
fined just to the estuary but presumably existed as several
populations. Nevertheless, banner years for reproduction,
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such as the ones experienced in 1995 and 1998, can sustain
the population through many subsequent years of less fa-
vorable conditions.

Toxic substances. The effects of pesticides and other
toxic substances on splittail are not known, but there is con-
siderable potential for negative interactions, especially
when larvae are found in the Delta (26). This subject re-
quires further investigation.

[ntroduced species. Introduced species are a perpetual
problem in the San Francisco Estuary, and the problem
worsens as new species are introduced through the dump-
ing of ballast water from ships. The most recent problem
introductions have been of several species of planktonic
copepods and the overbite clam, Potamocorbula amurensis.
The copepods seem to be replacing Eurytemora affinis, a
copepod that has been the favored food of juvenile fish and
of opossum shrimp. Opossum shrimp are in turn the fa-
vored prey of splittail. The native opossum shrimp has itself
been replaced in much of the estuary by several slightly
smaller similar species, Acanthomysis spp. The overbite
clam, which invaded in 1986, may have an indirect effect on
splittail because it has become extremely abundant in Su-
isun Bay, from which it is filtering out planktonic algae and
small invertebrates, which constitute the base of the food
web leading to mysid shrimp and splittail (27). Mysid
shrimp, formerly the most important invertebrate in split-
tail diets, have become scarce in their diets, reflecting both
changes in the species and reduced abundance overall (32).
One possible consequence is reduced fecundity (29). If
either white bass or northern pike become established in the
estuary, which seems likely, their voracious predation will
pose an additional threat.

Exploitation. A specialized fishery for splittail, prized as
food by Asian Americans, has existed for a long time, as has
the capture of splittail for bait by sport anglers. There is no
evidence that this exploitation has contributed to a decline in
the numbers of splittail. However, the food fishery concen-
trates on fish moving up into spawning areas, and large num-
bers are caught in some years; it should therefore be moni-
tored and tightly regulated. A fishery that caught many large
female splittail during a time when populations were already
low could significantly affect the resilience of the species.

In short, splittail have tremendous ability to recover
from events that cause major reductions in numbers. At the
same time, their population has been stressed in an un-
precedented manner by human activity. Therefore, their
long-term persistence as a viable member of the fish fauna
of California will depend on active management of the es-
tuarine habitats, floodplains, and inflowing waters in ways
that favor their reproduction and survival.
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Clear Lake Splittail, Pogonichthys ciscoides Hopkirk
Identification Similar in most respects to the Sacramento

splittail, Clear Lake splittail differ in the following ways:
more gill rakers (18-23, usually 21-23); more lateral line
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scales (60-69, usually 62-65); smaller fins; terminal mouth
with absent or poorly developed barbels; small nuchal
hump in adults; tail fin more or less symmetrical; and well-
developed nuptial tubercles on the head and sides of breed-
ing males (1). 7

Taxonomy This species was not described until 1973 de-
spite its distinctive morphology and ecology (1). It is the
only other member of the genus Pogonichthys.

Names Ciscoides means ciscolike, referring to its superficial
resemblance to ciscoes (family Salmonidae) of the Great
Lakes and elsewhere (1). Other names are as for Sacramento
splittail.

Distribution Clear Lake splittail were endemic to Clear
Lake, Lake County, and its tributary streams when spawn-

Figure 52. Clear Lake splittail, 21
cm SL, Clear Lake, Lake County, 31
March 1970.

ing. A single specimen is known from Cache Creek, the out-
let of Clear Lake (1).

Life History Not much is known about Clear Lake splittail
because there was little interest in them until after they be-
came extinct. Their most distinctive features are adaptations
for lake living. They once apparently schooled in large num-
bers over most of the lake, concentrating in littoral areas.
Summer die-off of large splittail and other Clear Lake min-
nows seems to have been an annual event, although its exact
cause is not known. Clear Lake splittail were more pelagic in
feeding habitats than Sacramento splittail. They were ob-
served eating ovipositing gnats and gnat egg rafts on the sur-
face, as well as bottom-living gnat larvae and emerging pu-
pae (2, 3). Of the diet of 22 splittail examined by Cook (7),
76 percent was zooplankton; the rest was insects or detritus.

Clear Lake splittail spawned in inlet streams in April and
May, frequently migrating several kilometers upstream to
suitable gravel riffles or areas with flooded vegetation. It is
not known how long newly hatched splittail remained in the
streams before returning to the lake, but it was probably at
least three weeks. Once in the lake they apparently spent the
first few months in the littoral zone.

Status TA. The species is globally extinct, Following a ma-
jor, precipitous decline in the early 1940s (4), Clear Lake
splittail managed to hang on until the mid-1970s. The most
likely cause of their decline was diversion of streams during
spawning and rearing seasons. Splittail apparently spawned

later than hitch (which have managed to maintain popula-
tions in the lake) and seem to have reared longer in the
streams. Likewise, pikeminnows also spawned later in the
season (April) than hitch and are now largely absent from
the lake (although they persist in tributary streams).

It is possible that channelization of lower reaches of
most tributaries was a major contributer to the decline by
eliminating flooded areas needed by splittail for spawning
and larval rearing. These aspects of their life history may
have been particularly critical in dry years, when sudden
reduction in water flows either trapped spawning adults or
prevented young fish from moving into the lake (5). Other
factors contributing to extinction may have been preda-
tion, competition, or diseases from introduced fishes. Al-
though splittail managed to coexist with nonnative fishes
for about 100 years, negative interactions may have acted
synergistically with poor spawning success. It may be sig-
nificant that splittail were still fairly easy to collect in Clear
Lake in the early 1960s (1) and that their disappearance
followed the explosive establishment of inland silversides
in 1967. Silversides completely dominate the littoral zone
of the lake, once the main habitat of juvenile splittail. Iron-
ically, the huge schools of minnows once present in the
shallow waters of the lake were referred to by early resi-
dents as “silversides” (6).

References 1.Hopkirk 1973. 2. Lindquist et al. 1943. 3. Cook et
al. 1964. 4. Cook et al. 1966. 5. Murphy 1951. 6. Coleman 1930.
7.8. . Cook, unpubl. data.

Hardhead, Mylopharodon conocephalus
(Baird and Girard)

Identification